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PREFACE. 


In  the  work  which  is  now  brought  before  the 
public  it  has  been  my  endeavour  to  set  forth  a  scheme 
of  that  part  of  Natural  Philosophy,  which  is  gene- 
rally included  in  the  term  Physics,  on  a  plan  calcu- 
lated to  lead  the  student  regularly  through  the 
various  subjects,  and  to  engender  the  habit  of  sys- 
tematizing and  of  arranging  his  knowledge.  It  has 
been  my  especial  aim  in  the  following  pages  to  fami- 
liarize the  student  with  processes,  reasonings,  just 
inferences,  and  inductions,  rather  than  to  present  to 
him  a  collection  of  facts.  The  acquisition  of  a  fact 
is  but  the  first  step  in  the  study  of  nature ;  an  in- 
quiring mind  stimulated  thereby  rests  not  until  this  ' 
fact  is  referred  to  its  proper  place  in  the  system  of 
the  imiverse,  so  that  the  mutual  relation  subsisting 
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betwixt  it  and  all  other  facts  is  exhibited.  The  stu- 
dent thus  acquires  by  degrees  the  faculty  of  comparing, 
reasoning,  and  judging  correctly ;  the  acquisition  and 
proper  development  of  which  is  the  chief  end  of  men- 
tal culture. 

I  trust  that  I  have,  in  some  measure,  succeeded  in 
compiling  a  Treatise  exhibiting,  in  a  mathematical 
form,  but  without  mathematical  technicalities  and 
symbols,  the  various  process  by  which  the  estabUsh- 
ment  of  any  proposition  in  Physics  is  arrived  at, 
and  the  nature  of  the  evidence  which  enables  us  to 
speak  with  confidence  of  the  truth  of  any  theory; 
exhibiting  also,  what  may  be  considered  as  certain, 
what  only  probable,  what  absolutely  imknown.  The 
sphere  of  our  knowledge  being  thus  defined,  we  shall 
have  made  some  progress  towards  ascertaining  the 
limits  of  human  faculties. 

I  am  aware  that,  in  the  preceding  remarks,  I  have 
described  what  the  following  work  ought  to  be,  ra- 
ther than  what  it  is ;  but  still  I  trust  that  it  will  be 
found  useful  for  the  purposes  of  general  education ; 
and  that  by  the  removal  of  some  unnecessary  obsta- 
cles, the  student's  progress  to  many  of  the  higher 
departments  of  science  will  be  facilitated.  At  all 
events,  this  attempt  may  perhaps  stimulate  others 
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better  qiialified  for  the  task  to  devote  their  talents  to 
the  preparation  of  similar  works. 

To  make  any  proper  acknowledgment  of  the  many 
various  sources  firom  which  I  have  derived  assistance 
in  the  compilation  of  the  present  work^  would  be 
impossible ;  but  I  must  express  my  deep  obligations 
to  the  Elemens  de  Physique  of  Pouillet;  from  which 
valuable  work  I  have  borrowed  much.  The  reader 
is  referred  to  the  annexed  copious  Table  of  Contents 
for  the  various  subjects  treated  of  in  the  following 
pages. 

T.W. 


London,  Aug.  1837. 
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CHAP.  I. 

IXTKODUCTION—- LAWS   OF    NATURE PHYSICAL   THEORIKS-"- 

raSUMINART    MOTIONS. 

!•  The  circle  of  the  natural  sciences  presents  so  vast  a 
field  of  inquiry,  that  the  limited  faculties  of  man  are  rarely 
sufficient  to  embrace  its  whole  extent.  The  richness  of  the 
subject  demands  some  division  of  labour  by  which  each  one 
may  according  to  natural  inclination  and  opportunity  assist 
10  the  advance  of  human  knowledge;  hence  have  arisen 
80  many  various  departments  in  the  study  of  nature,  on  the 
peculiar  objects  of  some  of  which  it  may  be  well  to  premise 
a  few  observations. 

The  distinction  which  exists  between  an  internal  and  an 
external  world,  that  is,  between  the  world  of  mind  and  the 
world  of  matter,  will  be  readily  recognised.  Each  has  its 
peculiar  department,  and  the  internal  world,  or  world  of 
mind,  gives  rise  to  mental  philosophy,  which  must  never 
be  confounded  with  any  other  branch  of  study,  and  is 
wholly  employed  in  tracing  the  origin  and  succession  of  all 
those  phenomena  which  are  purely  mental. 

The  external  world  may  be  at  once  divided  into  animate 
md  inanimate  nature.     The  sciences  which  treat  of  ani- 
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mate  nature  are,  Zoology^  which  classifies  the  various  animals 
of  creation;  Botany,  which  is  employed  about  the  produc- 
tions of  the  vegetable  kingdom ;  Anatomy,  which  describes 
and  compares  the  structures  of  organized  beings ;  and  Phy- 
siology^ which  defines  the  functions  of  the  several  parts 
and  the  modifications  to  which  they  are  subject  from  ex- 
ternal agents.  Those  bodies  which  possess  the  principle  of 
life  being  treated  of  under  these  several  departments,  the 
celestial  phenomena  are  resigned  to  the  province  of  Astro- 
nomy. The  study  of  inanimate  nature  thus  restricted  to 
terrestrial  phenomena  is  divided  into  the  three  great  depart- 
ments of  Geology,  Chemistry,  and  Physics.  Of  these 
Geology,  considered  as  including  Mineralogy,  treats  of  the 
external  configuration  of  the  earth,  tracing  the  windings 
and  indentations  of  its  shores,  the  inclinations  of  the  soil, 
the  direction  of  its  mountains,  and  the  courses  of  its  rivers ; 
all  which  is  sometimes  called  Physical  Geography ;  pene- 
trating the  interior,  it  analyzes  the  nature  of  its  produc- 
tions, determines  the  positions  of  the  different  layers  and 
crusts  of  the  earth,  and  describes  the  alterations  which 
have  taken  place  and  are  still  taking  place  from  the  acr 
tion  of  water,  of  heat,  and  of  the  great  energies  of  na- 
ture. 

The  distinction  between  Chemistry  and  Physics  which  at 
first  may  not  be  always  quite  apparent,  is  certain  and  well 
founded.  They  may  meet  and  encroach  on  each  other 
perpetually,  the  laws  of  Physics  may  frequently  be  called 
in  to  explain  phenomena  which  belong  to  Chemistry,  but 
they  still  have  distinct  provinces  in  the  wide  field  of 
science.  Among  the  innumerable  substances  which  nature 
presents  to  us,  some  are  essentially  of  the  same  character, 
or  composed  but  of  one  kind  of  element  or  particle  through- 
out; such  are  called  simple  substances;  others  being  com- 
posed of  more  than  one  element  are  called  compound  sub- 
stances. Tu  recognise  by  analysis  or  decomposition  what 
elements  enter  into  the  formation  of  a  compound  body^  to 
determine  by  synthesis  or  recomposition  what  bodies  will 
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result  from  paSrticuhr  combinations,  to  describe  tbe  pecu- 
liar properties  of  each  element,  or  of  each  combination  of 
elements^  are  among  the  objects  of  Chemistry.  Thus  che* 
mistrv  is  a  sort  of  inol'ganic  anatomy,  and  is  called  animal, 
regetaUe^  and  knineral  chemistry,  according  as  it  is  em- 
ployed  on  otte  or  other  of  these  three  great  dominions  of 
nature.  But  Physics  neglects  entirely  the  examination  of 
the  compositioii  and  decomposition  of  bodies,  and  coni^ 
quehtly  the  individual  laws  ^hich  preside  ovet  these  tW6 
classes  of  phenomena^  laws  which  the  chemist  ihfers  frdiki 
thd  experiments  made  in  his  laboratory  on  the  substances 
which  he  analyites  or  recompo^es.  It  deals  with  laws  inore 
general  in  their  nature  and  feWet  in  number,  which,  pl^^ 
siding  over  all  th^  changes  of  matter,  contain  ftnd  explain 
beforehand  all  the  individual  laws  which  are  immediately 
perceptiblo  to  our  denies.  We  ore  loonsdoas  that  itiimf 
changes  &r6  going  am  abound  us^  we  are  acquainted  wtth 
many  prc^nies  of  m&ttet,  Wd  see  that  bodies  under  cer-^ 
tBin  circumstances  act  invariably  in  the  iiame  manner ;  to 
explain  these  and  simillkr  phenomena  is  the  province  of 
Physics.  The  student  of  Chemistry  must  retire  into  his 
laboratory,  and  by  curious  atid  difficult  Att  investigate  the 
phenomena  with  which  he  deals ;  but  the  student  of  Phy- 
sics h^  his  objects  evet  befbre  his  ey^ :  thd  Apple  which 
falls,  the  water  which  freeses^  the  liquid  which  ^vaporslteiS^ 
the  rain,  hail,  snow,  the  lightning's  glare  and  thunder'ft 
roll^  th^se  and  teu  thous&nd  other  phenomena  conistantly 
going  on  about  us  Ate  6ubject  to  laws  which  it  is  the  pro*- 
vince  of  Physics  to  unfold. 

The  student  of  Physics  then,  ot  the  Physician,  is  cofl* 
cemed  with  all  the  properties  of  matter  iVhich  hdve  tiO 
reference  to  its  lustual  composition^  with  all  the  changes  of 
state  to  whiibh  matter  is  subject,  and  th6  laws  which 
govern  these  changes,  and  with  all  the  mutual  Actions 
Which  are  going  on  in  the  world  around  him.  The  various 
JjhfenomenA  preset  themseltes  t^ith  uniformity,  similarity* 
%nd  identity,  according  to  certain  laws  of  Succession  and 
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co-existence,  which  it  is  our  oliject  to  trace.  These  laws 
are  derived  by  operations  purely  mental,  from  the  facts  with 
which  our  o^-gans  of  sense  mal^e  us  ac(][uainted ;  the  laws 
are  few  in  number,  but  require  for  a  full  apprehension  of 
them  an  accurate  acquaintance  with  the  phenomena  from 
which  they  have  originated.  The  phenomena  are  almost 
infinite,  and  every  day  makes  additions  to  their  number, 
so  that  the  illustration  of  the  principles  of  Physics  is 
brought  every  instant  to  the  mind  of  the  student  who 
will  reason  and  inquire  for  himself. 

The  phenomena  then  of  nature  presenting  themselves  as 
a  series  of  facts  which  the  mind  compares  and  reasons 
from,  and  some  appearing  invariably,  either .  succeeding 
each  other  or  co-existing,  there  arises  the  irresistible  convic- 
tion that  they  are  related  to  each  other,  either  as  cause  and 
effect,  or  as  the  common  effect  of  a  single  cause.  Of  the 
origin  of  this  conviction  it  is  not  our  province  to  speak,  but 
the  truth  and  reality  of  it  we  cannot  question ;  the  con- 
nexion between  cause  and  effect  may  be  a  hidden  mystery, 
but  the  conviction  that  some  connexion  does  exist  is  as 
£rmly  rooted  in  our  mind  as  the  conviction  that  order 
evinces  de»gn,  and  design  intelligence.  This  conviction 
gives  rise  at  once  to  the  notions  of  law  and  government^  so 
that  the  j^enomena  appear  to  be  governed  by  laws;  and 
this  connexion  observed  in  a  few  instances  is  rapidly  ex- 
tended throughout  all  nature,  so  that  though  but  few 
comparatively  of  the  comprehensive  laws  of  nature  have 
been  disclosed  to  us,  yet  we  are  firmly  convinced  that  all 
phenomena,  however  complex  and  irregular  their  appear- 
ance, lure  subject  to  rules  as  invariable  as  the  law  that  a 
stone  unsupported  will  fall  to  the  ground. 

2.  Laws  ofruiture, — A  law  of  nature  is  a  rule  or  form 
of  words  describing  the  mode  in  which  things  do  act ;  the 
language  it  that  a  stone  wiU  fall  to  the  earth,  that  when 
some  facts  occur  others  will  follow.  It  may  also  be  con- 
sidered as  a  form  of  expression  including  a  number  of  facts 
of  like  kind,  or  stating  the  relation  in  which  they  stand  to 
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eacli  other  As  causes  and  effects;  as  for  instance^  that  all 
doubly  refliactitig  substatices  exhibit  colours  in  a  regular 
order ;  the  fiicts  are  all  separate,  but  the  unity  of  riew  by 
which  ire  attddate  them,  that  is,  the  character  of  gene- 
rality and  law  arises  from  the  relations  with  which  our 
mind  has  infested  them.  Hence  the  law  once  apprehended 
tdces  in  oiir  minds  the  place  of  the  fdcts  themselves,  and  is 
said  to  g<wem  and  determine  them>  because  it  determines 
onr  anticipations  of  what  they  will  be.*  It  is  asserted  that 
all  bodies  falling  from  the  same  height  will  acquire  the 
iiame  velocity;  here  the  law  is  a  mere  form  of  expression. 
Including  a  number  of  facts  of  like  Und :  again,  the  bulk 
or  volume  of  a  gas  i^  inversely  as  the  pressure  to  which  it 
is  subject^  of  equal  volumes  of  all  gases  compressed  by  an 
equal  fractionr  of  their  bulk  will  disengage  the  same  quan- 
tity of  heat;  here  the  relation  of  cause  and  effect  is  ex- 
l^ressed*  for  it  is  asserted  that  if  one  fact  takes  place 
another  will  follow. 

The  discovery  of  the  laws  of  phenomena  is  in  general  far 
from  easy,  since  there  frequently  exists  great  complication 
of  ^multaneous  results.  The  only  true  source  of  our 
knowledge  of  nature  is  experience,  in  which  term  We  in- 
dude  experiment  and  observation.  In  experiment  we  put 
into  action  causes  and  agents  over  which  we  have  control^ 
and  purposely  varying  their  combinations,  notice  what  effects 
take  placet  in  observation  we  simply  notice  facts  as  they 
occur  without  any  attempt  to  influence  the  frequency  of 
their  occurrence,  or  to  vary  the  circumstances  under  which 
they  occur;  these  two  methods  constitute  the  whole  of  ex- 
perience^ by  which  is  meant  not  the  experience  of  one  man 
onlj,  or  of  one  generation,  but  the  accumulated  experience 
of  all  mankind  in  aH  ages,  registered  in  books,  or  recorded 
by  traditi<yn;t  and  this  experience  is  the  only  ultimate 
sotfree  of  our  knowledge  of  nature  and  her  laws.    When 

*   See  Whewell's  Brid^ewater,  pp.  7  and  301. 

f  Herschel,  Nat.  Phil,  p.  76. 
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experience  fails  recourse  may  be  had  to  analogy^  whence 
we  may  obtain  inductions  more  oar  less  probable  respecting 
the  identity  of  causes ;  here»  however,  the  greatest  care  and 
eircumspection  are  requisite.  After  all^  however,  it  is  cer- 
tain, that  with  our  present  fetculties  we  shall  never  arrive 
at  a  knowledge  of  ultimate  causes;  hence  we  must  limit 
our  views  to  laws  and  to  the  analysis  of  complex  phenomena, 
that  is,  to  their  resolution  into  simpler  ones,  which  appear- 
ing incapable  of  further  analysis  we  must  consent  to  re- 
gard as  causes. 

3.  Physical  Theory, — ^A  law  having  been  made  out  or 
guessed  at  by  the  consideration  of  a  great  collection  of  facts 
and  careful  reasoning  respecting  them,  which  pvocess  con- 
stitutes what  is  termed  the  inductive  philosophy,  the  next 
step  is  the  verification  of  this  law,  that  is,  the  determining 
whether  this  law  can  be  considered  as  established ;  so  that 
it,  or  any  number  such,  may  constitute  a  true  physical 
theory.  The  tracing  any  law  from  its  first  glimmerings 
-amidst  a  series  of  facts,  to  its  formal  enunciation,  and  thence 
to  its  final  establishment,  is  one  of  the  most  interesting  in- 
quiries in  which  we  can  engage ;  since  it  would  present  a 
jiuccession  of  doubts  and  convictions,  and  every  variety  of 
evidence,  from  the  lowest  presumption  to  the  highest  moral 
certainty.  But  the  absolute  certainty  and  conviction  which 
alone  can  satisfy  in  a  theory  of  Physics,  is  derived  from  the 
inverted  or  deductive  process ;  it  is  from  this  alone  that  we 
can  derive  entire  satisfaction  of  the  truth  of  any  theory ; 
and  we  shall  endeavour  to  make  this  intelligible  to  those 
who  are  not  acquainted  with  the  actual  process  leading  to 
these  conclusions. 

A  law  having  been  arrived  at  and  stated  in  its  most 
general  terms,  must  be  traced  out  by  inverted  reasoning  to 
particulars ;  and  this  process  must  lead,  not  only  to  those 
propositions  whose  immediate  consideration  led  to  the  first 
discovery  of  the  law,  but  also  to  those  of  which  we  had  no 
previous  knowledge.  Any  accordance  between  results  so 
deduced  and  the  facts  furnished  by  experience,  is  evidence 
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in  favour  of  die  truth  of  a  law ;  but  we  must  also  deduce 
from  ity  hj  a  series  of  propositions  necessarily  connected, 
all  tlie  phenomena  in  question,  and  this  not  vaguely  or  gene- 
zallj,  hut  with  the  utmost  precision  in  time,  place,  weight, 
and  measure.*     The  development  of  any  law  so  enunciated, 
which  can  only  be  effected  by  the  refinements  of  mathema- 
tical analysis,  constitutes  a  true  theory  in  physics.     The 
mathematical  reasoning  having  brought  us  to  the  actual 
phenomena  matt  do  more,  it  must  predict  what  will  take 
place  at  particular  times  or  under  particular  circumstances. 
Thus  Newton,  from  his  theory  of  gravitation,  predicted  that 
the  earth  must  be  flattened  at  the  poles,  and  bulge  out  at 
the  equator,  and  it  was  found  by  observation  subsequent  to 
the  prediction  that  this  is  the  case,  and  Laplace  calculated 
very  nearly  the  exact  amount  of  this  excess.     But  not  to 
multiply  instances  too  much,  we  cannot  refrain  from  quo- 
ting the  most  extraordinary  confirmation  which  has  been 
so  xecentlyt  furnished  to  the  theory  of  gravitation  by  the 
return  of  Halley's  comet.     The  period  of  this  comet  is 
about  seventy-five  years;  from  the  observations  made  at  its 
previous  appearance  the  day  of  its  return  to  a  particular 
position  in  the  heavens  was  predicted;  and  the  greatest 
deviation  between  its  predicted  and  actual  return  was  in  no 
case  more  thanybtir  days — ^according  to  the  prediction  of 
seme  mathematicians  it  was  much  less.     Now  when  it  is 
remembered  that  this  error  of  four  days  was  the  accumula- 
tion so  to  speak  of  seventy-five  years,  and  that  one  year  had 
to  be  allowed  for  as  the  effect  of  planetary  disturbances, 
the  result  is  perhaps  one  of  the  most  astounding  which  phi- 
losophy can  produce.    Such  a  prediction  may  well  establish 
any  theory. 

There,  is,  however,  yet  a  still  higher  species  of  evidence, 
which  is  furnished  by  what  is  termed,  the  determination  of 
eomstanis;  that  is,  when  some  quantity,  as  the  mass  of  a 
planet,  which  never  changes,  is  to  be  calculated  from  the 

•  Herschd,  Nat.  PhiL  p.  25.  f  November  1835. 
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ever-varying  phenomena  which  present  themselves.  The 
determination  of  the  mass  of  Jupiter  has  been  a  question 
ikiueh  agitated  by  modem  mathematicians.  Its  mass  may 
•be  determined  from  the  effects  of  the  attractions  which  sub- 
ASt  between  it  and  its  satellites,  or  from  the  inequalities 
"which  its  action  produces  in  the  motions  of  Juno^  Vesta^ 
and  Pallas.  The  calculations,  of  the  enormity  of  which  fio 
eonception  can  be  given,  have  at  different  periods  been  gone 
through  by  different  mathematicians,  and  they  give  results 
which  agree  with  inconceivable  accuracy ;  the  different  cal- 
culations are  in  some  cases  within  a  one-five-hundred  thou- 
sandth part  of  each  other.  And  within  the  last  few  years 
the  Astronomer  Royal,  Mr.  Airy,  has,  from  the  elongation  of 
Jupiter's  fourth  satellite^  a  method  entirely  different  from 
some  of  the  preceding,  obtained  the  same  value  for  its  mass.^ 
Than  this  no  higher  degree  of  evidence  can  be  conceived ; 
the  conviction  which  such  facts  give  us  of  the  truth  of  a 
theory  is  complete.  The  preceding  instances  have  been 
selected  purposely  from  Physical  Astronomy,  partly  on  ac- 
count of  their  grandeur,  but  principally  because  we  shall 
have  no  other  opportunity  of  adverting  to  them.  Others 
furnishing  similar  evidence  will  occur  hereafter. 

4.  Space  and  Time. — The  ideas  of  space  and  of  time  enter 
into  all  our  speculations  on  physical  phenomena ;  they  are 
probably  among  our  earliest  mental  conceptions.  The 
mind  passes  rapidly  through  the  vault  of  heaven  and 
beyond  the  utmost  limits  of  visible  bodies,  and  conceives 
no  boundary  beyond  which  spheres  like  our  own  may  not 
revolve;  thus  space  is  as  infinite  in  reality  as  it  is  in  our 
conceptions.  The  succession  of  natural  phenomena  may 
give  us  the  notion  of  time ;  spring  succeeds  to  winter,  night 
to  day,  and  wave  follows  wave ;  hence  the  idea  of  time.  It 
may  also  arise  from  the  succession  of  which  we  are  conscious 
in  our  thoughts;  these  internal  phenomena  are  however 
essentially  distinct  from  the  external,  in  this,  that  they  give 

*  See  Memoirs  of  Astronomical  Society,  1833. 
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OS  no  measure  of  time.  Were  the  motions  of  the  stars  siii« 
pendedy  did  the  stream  cease  to  flow,  and  the  clouds  hecome 
statioojaiy^  we  should  still  have  the  idea  of  time ;  in  tlui 
midst  of  this  uniyersal  repose  we  should  feel  assured  that 
time  was  capaUe  of  measurement  and  suhdivision,  although 
we  had  no  measure  o£  these  subdivisions. 

b.  Rest  ondMoiifm. — The  ideas  of  rest  and  motion  are  sinv- 
pie  elementary  notions,  incapahle  of  being  analyzed  or  de- 
fined ;  they  are  suggested  to  us  on  all  sides  and  at  all  times. 
AhBolute  rest  and  absolute  motion  are  entirely  mental 
oonocptioiis ;  in  the  arrangement  of  the  universe  we  know 
of  nothing  absolute,  every  thing  is  ttlative  and  conditional* 
Thus  those  objects  which  appear  to  us  the  most  immoveable 
at  the  surface  of  the  earth  are  but  in  a  state  of  relative  rest* 
Hie  trees  are  at  rest  relatively  to  the  mountains,  the  moun- 
tains are  at  rest  relatively  to  the  soil  of  the  earth  and  the 
great  globe  itself,  but  trees,  mountains,  and  globe,  are  all 
canied  along  together  through  the  vast  orbit  of  our  planet,  and 
every  thing  together  travels  in  one  second  through  ten  times 
the  space  which  a  cannon  ball  would  travel  in  the  same  time. 
But  since  we  are  principally  concerned  with  the  j^enomena 
immediately  about  us,  we  are  in  the  habit  of  considering 
the  earth's  surface  as  absolutely  quiescent,  and  when  we 
assert  that  a  body  is  absolutely  at  rest,  we  mean  that  it  is 
at  rest  with  reference  to  some  very  large  space  with  which 
we  compare  it;  thus  we  say  the  trees  and  mountains  are  at 
rest,  because  they  are  so  with  reference  to  the  earth's  sur* 
&ce,  with  which  we  compare  them.  Suppose  a  ship  to  move 
at  the  rate  of  three  miles  an  hour,  and  a  person  on  board 
to  walk  or  to  be  drawn  towards  die  stem  at  the  same  rate, 
he  would  be  relatively  in  motion  with  respect  to  the  ship, 
yet  we  might  very  jfroperly  consider  him  as  absolutely  at 
rest;  but  on  a  more  extended  view  he  would  be  at  rest 
only  in  relation  to  the  earth's  surface ;  for  he  would  still 
be  revolving  round  the  axis  of  the  earth,  and  with  the  earth 
round  the  sun ;  and,  for  aught  we  know  to  the  contrary. 
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with  the  sun  and  the  whole  solar  system  he  would  he 
bIowIj  moTing  among  the  stany  worlds  which  surround 
liim* 

6.  Fwrce  and  Matter. — There  is  perhaps  nothing  in  the 
whole  range  of  science  of  the  existence  and  reality  of  which 
we  are  more  thoroughly  convinced,  hut  which  is  in  language 
more  inexplicahle>  than  the  notion  which  is  conveyed  hy  the 
terms  force  and  matter.    When  we  press  our  two  hands 
together  we  are  conscious  of  an  effort  exerted  and  rensted 
-—hence  the  notion  of  force ;  and  when  we  see  a  body  in 
motion^  we  feel  convinced  that  it  is  the  effect  of  force  some- 
where or  other  exerted*    A  block  of  stone  or  a  mass  of  iron 
are  solid  resisting  bodies,  and  we  are  convinced  that  it  is  the 
exertion  of  force  which  attaches  the  particles  of  the  stone 
and  of  the  iron  together^  and  keeps  them  fixed  in  their  places. 
Were  it  not  for  tiiis  exertion  of  force  a  body  would  break 
upt  and  be  a  collection  of  particles  placed  side  by  side  as 
mere  dust^  and  our  conviction  that  the  particles  are  held 
together  by  what  we  term  force^  arises  from  the  fact^  that  in 
the  separation  of  one  particle  from  another  we  are  conscious 
of  the  exertion  of  some  efibrt.     The  force  then  which,  acting 
on  the  particles  of  a  solids  presses  them  together^  and  gives 
to  the  whole  the  fixity  which  we  know  it  possesses^  is  termed 
the  force  of  cohesion ;  it  is  also  termed  molecular  force  or 
molecular  attraction,  from  the  oj>inion  now  very  much  en- 
tertained (Art.  8.)  that  every  body  consists  of  ultimate 
molecules  or  atoms  so  minute  as  to  escape  our  senses  except 
when  united  in  great  numbers  by  this  force  of  cohesion ; 
and  bodies  of  the  smallest  visible  bulk  are  made  up  of  such 
an  aggregation  of  particles.     Each  of  these  atoms  is  what 
we  understand  by  matter,  the  conception  of  which  seems  to 
arise  from  the  notion  of  resistance  combined  with  extension. 
This  resistance  belongs  to  matter  in  all  its  states^  being 
equally  a  property  of  the  thin  air  and  of  the  solid  rock* 
Our  conceptions  of  matter  are  inseparably  connected  with 
pur  conceptions  of  extension  and  impenetrability.     By  ex- 
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tension  we  understand  some  definite  portion  of  space^  and 
bj  impenetrability  we  understand  the  fJEict  that  one  sub^ 
stance  can  exclude  any  other  substance  from  the  space 
which  it  occupies  at  any  given  instant.  The  invisible  and 
subtile  air  is  well  known  to  possess  this  property,  of  impe^ 
netrabili^y^  so  that  there  is  no  exception  in  the  case  of  this 
invisible  matter^  but  in  this  respect  it  is  similar  to  the  solid 
matter  of  the  universe.  Thus  are  we  brought  to  the  well^ 
known  axiom^  that  two  bodies  cannot  occupy  the  same  spaeo 
ait  the  same  time. 

It  appears^  then,  that  we  must  consider  every  solid  body 
as  composed  of  particles  which  cohere  and  cling  together 
by  some  mutual  action  in  masses  of  various  form  and  mag^ 
nitude ;  and  this  fact  is  expressed  by  saying,  that  the  par- 
ticles are  attracted  towards  each  other;  that  is,  the  un^ 
known  force  is  in  this  case  termed  attraction.  But  th# 
component  particles,  instead  of  being  attracted  towards  each 
other,  may  be  repelled  from  each  other,  and  the  force  hero 
exerted  gives  rise  to  the  gaseous  forms  of  matter.  There 
is  also  an  intermediate  state  in  which  neither  kind  of  forc^ 
appears  to  predominate,  as  appears  in  the  liquid  form  of 
matter.  Here^  however,  the  force  of  attraction  does  exist 
in  a  small  degree ;  but  it  may  be  entirely  changed  by  the 
agency  of  heat,  so  that  the  substance  will  assume  the 
gaseous  state.  This  attraction  takes  place  not  only  between 
the  particles  of  the  same  substance,  but  between  the  partis 
cles  of  different  substances;  and  it  is  convenient  to  dis- 
tinguish between  these  two  cases;  hence  we  speak  of 
the  force  of  cohesion  and  of  adhesion.  Thus  the  partic- 
iples of  a  drop  of  water  are  said  to  cohere  together,  but 
when  the  same  drop  hangs  from  the  under  surface  of  any 
body,  it  is  said  to  adhere  to  that  body.  The  attractions  oi 
which  we  have  just  spoken,  and  which  take  place  only  aft 
insensible  distances,  must  be  carefully  distinguished  from 
that  general  attraction  which  takes  place  at  all  sensible  dis' 
tances,  and  of  which  we  shall  speak  in  treating  of  gravity. 
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Hence  these  attractions  are  considered  to  result  from  what 
are  termed  molecular  forces,  or  those  special  forces  which 
the  molecules  of  bodies  exert  on  each  other,  and  it  is  from 
the  modifications  of  these  internal  forces  that  the  three 
forms  of  matter,  namely,  solid,  liquid,  and  gaseous,  arise. 
The  evidence  on  which  the  hypothesis  of  the  existence 
of  these  molecular  forces  and  of  the  molecular  constitution 
of  matter,  rests^  is  strictly  speaking  mathematical  evidence 
of  the  highest  kind.  We  know  from  the  discoveries  of 
Newton  that  there  are  facts,  the  existence  of  which  would 
never  have  been  suspected  but  from  mathematical  reason- 
ing and  calculation ;  and  the  labours  of  Laplace  have  led 
to  similar  results  in  the  present  instance.  But  the  observed 
facts  and  known  phenomena  also  furnish  coasiderable  pre- 
sumption of  the  truth  of  this  hypothesis,  as  we  shall  have 
repeated  opportunities  of  remarking  in  the  course  of  this 
work.  Independently  however  of  all  hypothesis,  there  are 
certain  properties  inseparable  from  any  of  the  three  states 
in  which  bodies  exist,  and  to  which  we  shall  proceed  in  the 
following  chapter. 
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CHAP.  IL 

lUTISIBUITY-— ATOXIC   THXO&T COMPRESSIBILTir rOAOSITT 

SLASTICITT OILATABIUTT. 

7*  DwidbUUy. — All  bodies  which  possess  sensible  ex« 
tension  may  be  divided  into  several  parts>  and  these  again 
may  be  subdivided  into  particles  more  or  less  small,  and  so 
on  to  an  extreme  degree  of  minuteness ;  but  whether  or  not 
bodies  are  infinitdj  divisible  is  a  question  which^  owiog  to 
the  imperfection  oi  our  senses^  cannot  be  determined  by 
direct  experiment.  The  argument  in  £sivour  of  the  infinite 
divisibility  of  matter  is  derived  from  mathematical  reason- 
ing; for  a  line  or  surface  admits  of  division  without  limit; 
Bence,  however  small  the  particles  of  any  body  may  become, 
each  of  them,  since  it  possesses  surface  or  extension,  is, 
mathematically  speaking,  susceptible  of  still  farther  divi- 
non.  But  though  substances  may  not  in  the  mathematical 
sense  be  infinitely  divisible,  they  are  divisiUe  physically, 
with  our  present  imperfect  means,  to  an  astonishing  degree 
of  minuteness,  and  we  have  certain  evidence  of  a  divisibility 
in  whidi  the  particles  exist  in  a  state  of  subdivision  infi- 
nitely less  than  the  powers  not  only  of  our  senses  assisted 
hf  the  finest  instruments,  but  almost  of  our  conceptions 
and  imaginations.  The  ingenious  Wollaston  obtained,  for 
astronomical  purposes,  platinum  wire,  the  diameter  of 
which  did  not  exceed  the  18,000th  of  an  inch;  and  the 
Uiinness  of  the  gold  in  the  very  fine  gilt  threads  of  embroi- 
dery is  almost  beyond  belief.  What  can  be  more  incredible, 
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and  yet  a  more  decisive  proof  of  the  minuteness  of  matter, 
than  that  derived  from  the  sense  of  smelling?     There  is 
taken  from  certain  animals  a  substance  termed  musk,  which 
will  continue  for  years  to  send  forth  a  strong  odour  with- 
out any  apparent  diminution  in  bulk.     If  a  grain  of  iron 
be  dissolved  in  nitro-muriatic  acid  and  mixed  with  3137 
pints  of  water,  some  portion  of  the  iron  may,  by  proper 
chemical  tests,  be  detected  in  every  part  of  the  liquid.    This 
experiment  proves  the  grain  of  iron  to  have  bc^en  divided 
into  more  than  24,000,000  of  parts ;  and  if  the  same  quan- 
tity of  iron  were  still  farther  diluted,  its  diffusion  through 
the  whole  liquid  might  be  proved  by  appropriate  processes.* 
But  the  vegetable  kingdom  presents  us  with  a  species  of 
fungus,  whose  cellules  must,  according  to  Professor  Lindley, 
be  developed  at  the  rate  of  more  than  66,000,000  in  a  mi- 
nute ;t  how  can  we  conceive  the  minuteness  of  the  matt^ 
which  is  almost  instantaneously  developed  into  these?    But 
the  animal  kingdom  affords  the  most  striking  instances  of 
the  divisibility  of  matter.     Animalcules  have  been  disco- 
vered whose  magnitude  is  such  that  a  million  of  them  does 
not  exceed  a  grain  of  sand.     Their  bodies  are  organized, 
they  move  about  with  exceeding  rapidity,  eat,  drink,  and 
derive  nutrition,  evidently  exercising  a  digestive  apparatus. 
They  have  also  circulating  fluids ;  if  then  a  globule  of  their 
blood  bears  the  same  proportion  to  their  whole  bulk,  as  a 
globule  of  our  blood  bears  to  our  magnitude,  what  power 
of  imagination  can  conceive  any  adequate  idea  of  its  mi- 
nuteness? 

8.  Atomic  Theory. — The  advocates  of  this  theory  sup- 
pose each  body  to  be  composed  of  ultimate  particles  or  atoms, 
which  are  infinitely  hard  and  indivisible.  The  evidence 
for  this  theory  rests  on  the  discoveries  of  modem  chemistry, 
and  especially  on  the  researches  of  Dalton,  ^m  which  it 
appears  that  substances,  by  their  combining  in  simple  and 
invariable  proportions,    give  rise  to  the  varieties  of  com- 

♦  Turner's  Chemistry^  p.  2.        f  Prout's  Bridgewater,  p.  24. 
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pounds ;  thus  the  composition  of  bodies  appears  to  be  fixed 
and  invariable,  and  every  compound  substance,  so  long  as 
it  retains  its  characteristic  properties,  always  consists  of 
the  same  elements  united  together,  in  the  same  proportion. 
Sulphuric  acid,  for  example,  is  always  composed  of  sixteen 
parts  of  sulphur,  and  twenty-four  of  oxygen ;  water  is  formed 
of  one  part  of  hydrogen,  and  eight  of  oxygen ;  and  were  these 
elements  united  in  any  other  proportion,  some  new  com« 
pounds,  differing  from  sulphuric  acid  and  water,  would  be 
the  product.  And  the  same  is  true  of  all  other  substances, 
however  complicated,  and  at  whatever  period  produced; 
thus  marble,  whether  formed  ages  ago  by  the  hand  of  na- 
ture, or  recently  by  the  chemical  geologist,*  is  always  com- 
posed of  the  same  elementary  substances.  Such  being  the 
observed  fact  in  the  constitution  of  all  compounds,  the  as- 
sumption that  all  bodies  are  composed  of  ultimate  atoms, 
the  weight  of  which  is  dififerent  in  different  kinds  of  matter, 
serves  at  once  to  explain  all  the  phenomena  of  chemical 
union  ;  and  this  mode  of  reasoning  is,  in  the  present  case, 
almost  decisive,  since  the  phenomena  do  not  appear  explica- 
ble on  any  other  supposition.f  The  phenomena  of  crystal- 
lization, as  we  shall  see  presently,  furnish  very  strong 
evidence  in  favour  of  the  preceding  theory. 

In  connexion  with  this  and  the  preceding  article,  we 
cannot  refrain  from  quoting  the  qpinion  of  the  immortal 
Newton,  in  whose  destiny  it  was  to  exhibit,  or  at  least  to 
indicate,  the  principal  phenomena  of  the  universe.  After 
a  brief  review  of  the  different  energies  which  are  in  action,! 
he  says,  'All  these  things  being  considered,  it  seems  pro- 
bable to  me,  that  God,  in  the  beginning,  formed  matter  in 
solid,  massy,  hard,  impenetrable,  moveable  particles;  of 
such  sizes  and  figures,  and  with  such  other  properties,  and 
in  such  proportion  to  space,  as  most  conduced  to  the  end 
for  which  he  formed  them,  and  that  these  primitive  parti- 


•  Sir  James  Hall.  t  Turner's  Chemutry,  p.  225. 

I  Optia,  Book  III.  Qu.  31. 
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des  being  solids  are  incomparably  harder  than  any  porous 
bodies  compounded  of  them ;  even  so  very  hard  as  never  to 
wear  or  break  in  pieces ;  no  ordinary  power  being  able  to 
divide  what  God  himself  made  one^  in  the  first  creation. 
While  the  particles  continue  entire,  they  may  compose 
bodies  of  one  and  the  same  nature  and  texture  in  all  ages ; 
but  should  they  wear  away  or  break  in  pieces,  the  nature  of 
things  depending  on  them  would  be  changed.  Water  and 
earth  composed  of  old  worn  particles  and  fragments  of  par- 
tides,  would  not  be  of  the  same  nature  and  texture  now 
with  water  and  earth  composed  of  entire  particles  in  the 
beginning.  And  therefore  that  nature  may  be  lasting,  the 
changes  of  corporeal  things  are  to  be  placed  only  in  the 
various  separations  and  new  associations  and  motions  of 
these  permanent  particles;  compound  bodies  being  apt  to 
break,  not  in  the  midst  of  solid  particles,  but  where  those 
particles  are  laid  together  and  only  touch  in  a  few  points.' 
d.  Compressibiliti/. — The  term  compressibility  is  used  to 
express  the  property  which  all  bodies  have  in  some  degree, 
of  being  reduced  to  a  less  apparent  size  or  volume.  Every 
one  is  sensible  of  the  existence  of  this  quality  in  sponge  or 
Indian  rubber,  and  the  diminution  of  the  apparent  bulk  of 
most  substances  is  familiar  to  every  one.  The  apparent 
volume  is  essentially  different  from  the  real  volume,  which 
is  the  space  that  the  elementary  partides  would  exactly 
occupy,  supposing  them  to  be  in  actual  contact.  A  sub* 
stance  so  constituted  would  be  perfectly  hard,  and  conse- 
quently absolutely  incompressible ;  that  is,  it  could  not  be 
reduced  to  a  smaller  size.  No  such  substance  is  however 
knovm  to  exist  in  nature.  The  diamond  and  manufactured 
sted,  gold  and  platinum,  water  and  mercury,  have  all  an 
apparent  volume,  which  admits  of  a  diminution  the  same 
in  kind,  though  widely  different  in  degree,  as  the  sponge 
and  Indian  rubber.  When  a  substance  is  compressed,  we 
have  the  same  quantity  of  matter  in  a  less  space;  this  is 
expressed  by  saying,  that  the  density  of  the  body  is  in- 
creased.    Thus  one  substance  is  more  dense  than  another 
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when  it  contains  the  s^une  qutotity  of  matter  in  a  less  space^ 
or  more  matter  in  the  same  space ;  and  the  fact  of  one  body 
being  more  dense  than  another  is  indicated^  as  will  be  shewn 
hereafter^  by  the  difference  in  the  weight  of  equal  volumes 
of  the  two  substances.  Thus  platinum  and  mercury  are 
known  to  be  more  dense  than  copper  and  water>  because  a 
cubic  inch  of  the  former  substances  weighs  more  tlian  a 
cubic  inch  of  the  latter. 

10.  Porosity. — From  the  experimental  fact  that  all  sub- 
stances may  be  rendered  more  dense^  we  infer  the  porosity 
of  all  bodies^  that  is,  that  the  component  particles  or  con- 
stituent atoms  either  touch  each  other  at  very  few  points, 
or^  what  is  more  probable^  that  they  are  not  in  contact  at 
all;  £or  it  seems  reasonable  that  the  space  by  which  the 
volume  is  diminished  must  before  the  diminution  consist  of 
pores.  The  animal  and  vegetable  kingdoms  teem  with  evi- 
dences of  a  porosity  of  bodies,  independently  of  the  fact 
of  their  compresribUity.  The  mineral  poison  which  per- 
vades the  whole  frame,  and  the  sap  circulating  through  every 
part  of  the  smallest  plant,  afford  clear  indications  of  this 
property,  and  we  have  evidence  of  the  porosity  of  hard  solid 
substances,  whenever  an  air  bubble  is  driven  from  a  lump 
of  sugar  or  a  piece  of  chalk  immersed  in  water^  and  in  every 
stream  which  filtrates  through  the  rocky  sand  stone.  There 
is  a  curious  semi-transparent  precious  stone  termed  the 
hydrophanous  agate,  sufficiently  hard  to  emit  sparks  on 
being  struck  against  steel,  which  when  plunged  in  water 
discharges  a  great  number  of  small  air  bubbles,  becomes 
transparent,  and  receives  an  augmentation  in  its  weight. 
On  being  dried  it  loses  the  water  which  it  had  imbibed, 
and  returns  to  its  natural  opacity.  The  preceding  quality 
of  bodies  is  an  immediate  consequence  of  the  theory  of  their 
molecular  constitution,  and  the  pores  will  be  of  greater  or 
less  magnitude,  according  to  the  intensity  of  the  attractive 
forces  to  which  the  particles  are  subject.  This  method  how- 
ever of  viewing  the  question  involves  refinements  and  con- 
^derations  somewhat  foreign  to  an  elementary  treatise ;  it 

c2 


18  XLBMSNT8  OF  PHYSICS.  CtlAP.  lU 

is  better  therefore  to  place  it  on  the  evidence  of  known 
experimental  facts. 

1 1 .  Elasticity* — The  elasticity  of  substances  k  the  quality 
in  virtue  of  which  they  resume  their  former  state,  after 
either  a  change  of  volume  or  a  change  of  form^  when  the 
cause  to  which  this  change  was  owing  has  ceased  to  act. 
This  quality  exists  in  very  different  degrees,  and  must  be 
considered  as  resulting  partly  from  a  change  of  bulk^  and 
partly  from  a  change  of  form ;  when  air  is  compressed  by 
pressing  down  a  tumbler  inverted  over  water  the  elasticity 
arises  from  a  change  of  volume,  but  when  a  steel  spring  is 
bent  it  results  from  a  change  of  form ;  in  general,  the  elasti- 
city is  connected  with  both  these  changes.  A  substance  is 
considered  perfectly  elastic  when  the  force  of  restitution  is 
exactly  equal  to  the  force  of  compression ;  common  air  and 
all  the  gases  possess  this  property  nearly  in  perfection; 
hence  the^  are  termed  elastic  fluids.  The  elasticity  of 
liquids  is  seen  at  once  from  the  rebound  of  a  stone  or  can- 
non ball  from  their  surfaces,  and  from  the  way  in  which 
they  rebound  when  poured  froih  one  vessel  into  another. 
When  solid  bodies,  as  two  ivory  balls,  impinge  on  each 
other,  the  degree  of  elasticity  is  measured  by  the  magnitude 
of  the  rebound  after  imj^act.  The  two  forementioned  kinds 
of  elasticity,  so  to  speak,  though  referable  to  the  same  prin- 
ciples, are  well  exemplified  in  the  case  of  Indian  rubber. 
This  substance  is  known  to  be  very  elastic,  it  yields  readily 
to  compression  and  recovers  itself  immediately;  here  the 
elasticity  is  due  almost  entirely  to  a  change  of  figure ;  for 
if  the  same  Indian  rubber  be  enclosed  in  a  space  which  it 
accurately  fills,  it  will  resist  compression  with  great  vio- 
lence. Here  then  the  same  substance  illustrates  the  two 
kinds  of  elasticity,  there  is  a  feeble  effort  of  recovery  from 
a  state  of  altered  figure,  and  a  very  violent  one  from  a  state 
of  compressibility  or  altered  dimension.  It  is  to  this  quality 
of  bodies  that  we  owe  so  much  of  the  use  of  steel  in  the 
arts.  Our  comfort  is  consulted,  and  our  carriages  are  pre- 
served, by  the  use  of  springs;  it  is  from  the  elasticity  of  a 
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spiral  spring  that  our  watches  derive  all  their  motion  and 
regularit J ;  thus  furnishing  an  accurate  measure  of  time. 

12.  DikUability* — By  the  dilatahility  of  a  substance  is 
meant^  the  quality  in  virtue  of  which  it  has  a  tendency  to 
increase  in  volume  without  any  increase  in  the  quantity  of 
matter.  This  is  an  essential  property  of  elastic  fluids,  which 
by  virtue  of  their  elasticity  dikUe,  as  the  pressure  to  which 
they  are  subject  decreases.  But  it  is  a  property  of  all  bodies 
equally  to  change  in  volume  under  the  influence  of  heat ; 
all  bodies  dilate  or  expand  when  their  temperature  is  raised, 
and  contract  when  their  temperature  is  lowered^  and  return 
to  exactly  the  same  volume  under  the  same  temperature. 
This  is  one  of  the  most  regular  and  beautiful  laws  of 
nature ;  at  every  hour  both  of  night  and  day  the  heat  varies, 
and  all  bodies  at  the  surface  of  the  earth  participate  in  these 
variations.  They  are  alternately  in  the  act  of  dilating  or 
contracting,  and  can  never  have  the  permanent  dimensions 
which  we  assign  to  them.  These  constant  alternations 
are  however  productive  of  no  irregularity  or  confusion,  for 
all  nature  experiences  them  equally.  These  alternations 
arise'  from  the  motion  of  all  the  constituent  particles,  both 
internal  and  external ;  hence  if  we  learn  from  the  porosity 
of  bodies  that  their  constituent  particles  are  not  in  contact, 
we  may  learn  from  their  dilatability  that  they  are  never  at 
rest,  but  are  continually  changing  their  relative  positions 
and  distances.  Whence  we  may  conclude  that  matter,  which 
seems  to  us  the  most  inert,  is  the  subject  of  ceaseless  change, 
ceaseless  activity. 
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CHAP.  III. 

HARDNESS ^TOUGHNESS DUCTILITY,  &C. FRICTION ^ 

CRYSTALLOGRAPHY. 

13.  In  the  preceding  chapter  we  treated  of  certain  pro- 
perties which  are  common  to  all  matter  in  whatever  state  it 
may  exist;  but  there  are  some  properties  distinct  from  the 
preceding  peculiar  to  solids,  and  closely  connected  with 
their  most  curious  constitution^  which  must  be  briefly 
noticed. 

The  hardness  of  a  solid  expresses  that  peculiar  character 
which  gives  rise  to  a  difficulty  of  displacing  the  particles 
among  themselves.  Thus  steel  is  harder  than  iron^  and 
diamond  harder  than  steel.  There  is  no  invariable  con- 
nexion between  hardness  and  compressibility;  for  the 
compressibility  of  steel  and  of  soft  iron  is  nearly  the  same^ 
but  the  hardness  widely  different*  The  hardening  of 
metals  is  one  of  the  most  remarkable  and  delicate  opera- 
tions in  the  arts;  the  degree  of  hardness  is  indicated  by  a 
particular  succession  of  colours,  so  that  the  artist  can  see  at 
once  of  what  temper  his  tool  is.  If  a  body  be  too  much 
hardened  it  becomes  brittle;  but  brittleness  and  elasticity 
may  exist  together,  as  in  glass^  which  is  very  brittloj  but 
also  highly  elastic.  The  hardness  of  any  solid  must  be 
carefully  distinguished  from  its  resistance  to  compression. 
The  diamond  is  the  hardest  known  substance,  not  because 
if  it  be  laid  on  a  piece  of  metal  and  hammered  it  will 
penetrate  the  metal  rather  than  yield,  but  because  it  cannot 
be  itself  scraped  or  striated  by  any  known  substance^  whereas 
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it  will  striate  all  others.  Glass,  for  instance,  is  much 
harder  than  marble^  because  it  can  scratch  or  striate  mar- 
ble, and  less  hard  than  rock  crystal  or  diamond,  because  it 
is  readily  scratched  by  these  substances.  The  hardness  of 
a  body  is  also  tested  by  its  resistance  to  wear;  thus  dia- 
mond, being  the  hardest  known  substance^  can  only  be 
polished  by  its  own  dust.  The  degree  of  hardness  is  very 
different  in  substances  whose  chemical  constitution  is  the 
same>  but  it  evidently  depends  on  their  physical  consti^ 
tution ;  thus,  white  marble  is  much  harder  than  chalk,  and 
we  have  reason  to  believe  that  white  marble  is  nothing  else 
than  chalk,  whose  constituent  particles  are  in  much  closer 
contact.  Softness  is  the  opposite  quality  to  the  preceding, 
and  a  soft  metal,  as  lead  or  gold,  can  be  scratched  very 
easily. 

Toughness  is  very  distinct  from  hardness,  being  the  pro- 
perty  in  virtue  of  which  solids  will  endure  very  he2Lvf 
blows  without  breaking;  it  implies  a  certain  yielding  of 
parts  combined  with  a  great  general  cohesion  and  very 
different  degrees  of  elasticity.  Some  woods  are  exceed-^ 
in^y  tough,  and  the  toughest  known  substances  are  cast 
iron  and  steeL 

Malkabiiity  is  that  property  of  some  metals  in  virtue  of 
which  they  may  by  a  blow  be  deprived  of  their  figure 
without  exerting  any  powerful  effort  to  preserve  it,  and 
without  fracture;  thus  some  metals  can  be  reduced  to  thin 
plates  by  hammering.  Gold  is  the  most  malleable  of 
metals,  and  every  one  must  have  seen  the  operation  of 
making  gold  leaves  and  gold-beaters'  skin,  which  is  the 
skin  between  which  the  metal  is  hammered  out  into  so 
beautiful  a  thinness,  that  two  thousand  are  not  much 
thicker  than  a  sheet  of  paper.  This  property  is  possessed 
in  very  different  degrees  by  other  metals ;  some  break  at 
once  like  a  piece  of  glass. 

DuctiUty  is  the  property  which  some  metals  possess  of 
being  drawn  but  into  wires ;  it  is  very  different  from  the 
preceding,  since  metals  which  cannot  be  hammered  far 
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without  fracture  or  interruption  of  the  continuity  of  the 
plates  may  he  rolled  or  drawn  out  into  long  rods  and  wires. 
Platinum  has  great  ductility  and  can  he  drawn  into  beau- 
tiful wire:  one  of  the  most  striking  operations  of  our  iron 
works  is  to  see  enormous  masses  of  iron  reduced  by  a  suc- 
cessive series  of  rollers  into  thin  plates^  long  bars,  and 
interminable  lengths  of  rods  and  wires ;  a  penny-piece  will 
form  a  beautiful  riband  of  twenty  or  thirty  feet  in  length. 
The  ductility  of  melted  glass  is  most  beautiful;  the  work- 
men will  draw  out  most  delicate  threads^  which  lying 
together  in  pieces  might  be  mistaken  for  the  natural  hair. 
That  state  of  a  body  which  is  expressed  by  the  term  brittle^ 
ness  is  entirely  opposed  to  the  preceding  qualities^  since 
some  solids^  as  glass  and  iron  in  particular  states^  break  on 
the  application  of  the  slightest  force. 

Tenacity  is  the  quality  by  which  a  body  resists  exten- 
sion or  separation  of  parts;  it  is  a  direct  proof  of  the 
Bttractive  power  of  cohesion  among  the  particles  of  a  solid^ 
and  may  be  made  an  exact  measure  of  it.  Very  accurate 
experiments  have  been  made  on  wires,  and  on  rods  and  bars 
of  iron  and  wood^  to  determine  the  force  with  which  their 
particles  resist  separation.  The  tenacity  of  iron  is  now  a 
question  of  the  greatest  importance,  since  this  metal  is  em- 
ployed in  every  department ;  even  roofs  are  composed  of  it, 
our  walls  are  prevented  from  bulging  by  means  of  it ;  but 
its  grandest  application  is  in  our  ships  and  our  bridges. 
Our  vessels  ride  securely  moored  by  iron  cables,  and  our 
bridges  are  suspended  in  mid-air  by  iron  rods  and  chains. 
If  at  any  time  the  strain  or  tension  on  the  chain  becomes 
greater  than  the  tenacity  of  the  metal,  the  vessel  would  be 
abandoned  to  the  fury  of  the  elements,  and  the  bridge  en- 
gulfed in  the  chasm  below. 

14.  Friction.  Whenever  one  surface  is  to  be  moved  so 
as  to  rub  over  another  a  resistance  is  experienced.  This 
resistance  arises  from  what  is  termed  friction,  and  is  greater 
or  less  according  to  the  roughness  or  smoothness  of  the  sur- 
faces in  contact;  it  appears  to  be  occasioned  by  the  pro- 
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jecdng  particles  or  irregularities  of  one  surface  inserting 
themselves  into  the  corresponding  interstices  of  the  other  ; 
hence  the  more  highly  polished  a  surface  is  the  less  must 
he  the  friction;  hence  also  the  friction  is  diminished  by 
covering  the  surfaces  with  any  unctuous  substance  so  as  to 
prevent  this  insertion  of  the  projecting  points.  The  effects 
of  grease  in  diminishing  friction  are  so  sensiUe  that  the 
same  man  can  draw>  without  exerting  a  greater  effort^  over 
a  greased  surface^  more  than  three  times  the  weight  he 
could  over  the  one  which  is  not  greased;  and  the  drivers  of 
sledges  in  Amsterdam,  on  which  heavy  goods  are  trans- 
ported,  carry  in  their  hand  a  rope  soaked  in  tallow  which 
they  throw  down  from  time  to  time  before  the  sledge,  in 
order  that  by  passing  over  the  rope  it  may  become  greased. 
It  is  friction  which  prevents  a  very  heavy  mass  from  being 
moved  along  a  horizontal  plane  by  an  exceedingly  small 
force ;  and  it  is  the  same  resistance  which  hinders  the  foot 
sliding  back  at  every  step ;  hence  it  is  an  agent  on  which 
we  are  dependent  every  instant  and  in  every  action. 

In  machinery  the  effects  arising  from  friction  are  of  the 
greatest  practical  importance;  the  expenditure  of  moving 
power  in  overcoming  this  resistance  is  very  great;  hence 
every  precaution  is  taken  to  diminish  its  effects  as  much  as 
possible.  The  wear  also  which  it  occasions  is  dreadfuL 
It  is  frequently  taken  advantage  of,  as  when  a  wheel  is 
driven  round  by  the  friction  between  its  surface  and  a 
leather  strap;  a  method  peculiarly  serviceable  in  many 
operations.  It  is  also  employed  in  destroying  gradually  a 
eoDsiderable  velocity,  or  in  preventing  its  accumulation. 


Crystallography. 

15.  Crystallization.  Having  considered  the  general  pro- 
perties of  solid  bodies,  we  shall  proceed  to  their  internal 
structure  and  external  figures.  The  phenomena  of  crystal- 
hgnxgkj  will,  shew  ua  that  they  have  a  most  curious  and 
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intricate  internal  mechanism^  and  we  shall  see  that  all  the 
substances  usually  termed  crystalline  are  formed  according 
to  laws  as  certain  and  definite  as  those  which  preside  over 
any  department  of  Physics.  The  material  particles  are 
subject  to  molecular  attractions,  by  virtue  of  which  they 
become  arranged  in  the  most  beautiful  symmetry.  The 
phenomena  of  crystallization  must  be  considered  as  a  certain 
arrangement  of  similar  portions  of  matter;  hence  it  sup- 
poses the  existence  of  a  force  which  compels  the  particles 
that  are  sufficiently  near  each  other  to  seize  one  another, 
and  to  cohere  by  their  suitable  faces.  This  force,  by 
whatever  name  it  be  called^  must  be  considered  as  giving 
rise  to  a  general  law  to  which  all  brute  and  inorganized 
matter  is  subject,  and  which  has  for  its  object  the  formation 
and  preservation  of  substances  of  this  class;  so  that  it 
would  seem  as  if  every  species  of  matter  may  assume  a  de- 
terminate form,  which  is  constantly  the  same  when  nothing 
interferes  with  the  execution  of  these  laws. 

A  crystal  is  a  solid  bounded  by  plane  surfaces,  disposed 
in  a  certain  manner^  or^  according  to  the  language  of  geo- 
metry^ it  is  a  polyhedron  more  or  less  regular.  Many 
crystals  are  transparent,  but  transparency  is  not  an  essential 
quality  of  a  crystal,  but  only  its  geometrical  form.  In  all 
parts  of  the  mineral  kingdom  we  find  bodies  of  the  form 
of  polyhedrons,  some  of  which  are  exceedingly  irregular; 
the  detection  of  the  law  of  formation  of  these  irregular  forms 
is  the  great  object  of  crystallography,  and  one  for  the  suc- 
cessful prosecution  of  which  we  are  almost  entirely  indebted 
to  the  labours  of  the  Abbe  Haiiy.  Irregular  crystals  are  very 
abundant,  and  it  is  in  the  salts  that  the  laws  of  their  for- 
mation are  best  observed.  Common  salt  crystallizes  in 
regular  cubes,  allum  in  octohedrons,  saltpetre  in  long 
prisms;  thu^  each  salt  affects  a  peculiar  form,  as  may  be 
seen  in  the  least  crystals.  If  a  drop  of  water  in  which  any 
of  the  above  substance,  is  dissolved  be  placed  on  a  glass 
plate,  and  viewed  with  a  powerful  microscope,  the  regular 
figures  will  be  seen  in  the  act  of  formation.     But  stones 
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bsve  also  their  regular  crystalline  fomis ; 
that  beautiful  transparent  substance  called 
rock  crystal  is  found  in  prisma  of  six  sides 
tenninated  by  summits  of  six  faces,  as  shewn 
in  the  accompanying  figure.  Common 
quartz  is  found  in  ciyatah  of  the  same 
form,  but  not  quite  so  regular ;  the  diamond 
ia  &  regulur  octohedron,  and  Iceland  spar  or 
carbonate  of  lime  appears  in  rhomboids. 
The  metals  also  present  themselves  under 
geometric  forma,  native  gold  and  silver  are 
often  found  in  small  octohcdrons,  and  iron  and  cc^ipet  are 
Bometimeg  formed  in  cubes  of  great  regularity.  But  al- 
thonf^  crystals  of  all  kinds  are  found  in  nature,  still  solids 
i^ularly  formed  are  extremely  rare,  and  we  must  in- 
quire into  the  causes  which  can  prevent  the  more  frequent 
prodnction  of  the  geometric  forms. 

Several  conditiims  are  requisite  that  the  products  of 
aystallization  may  have  all  the  regularity  that  can  be  de- 
aied.  In  the  first  place,  the  matter  which  is  to  be  crystal- 
lized must  be  divided  into  its  smallest  particles,  which  we 
have  called  molecules,  or  atoms;  in  the  second  place,  these 
particles  must  be  suspended  for  some  time  in  a  fluid  where 
they  can  move  freely;  thirdly,  during  their  approach  the 
fluid  must  not  be  agitated  by  any  external  movement; 
lastly,  there  mnst  not  exist,  either  in  the  fluid  or  in  the 
containing  vessel,  any  thing  which  can  disturb  or  prevent 
the  union  of  these  particles.  It  is  easy  to  perceive  the 
neceaaity  of  all  these  conditions,  and  also  that  their  co-exbt- 
ence  wUl  be  rare.  Hence  we  must  not  be  surprised  at  the 
few  regulu  crystals  which  exist,  notwithstanding  the  uni- 
versalt^  of  the  law;  almost  all  the  minerals  present  very 
irregular  masses,  clearly  indicating  the  irregularity  which 
preaded  at  their  formation.  Besides  which  most  of  thrm 
have  since  their  formation  been  subj  ect  to  the  action  of  many 
extraneous  forces,  so  that  their  primitive  forms  must  have 
vndei^one  very  great  alterations.     By  fulfilling  the  con- 
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ditions  which  have  just  been  spoken  of  we  may  easily 
obtain  crystals  of  different  species.  If  it  is  a  salt,  it  must 
be  dissolved  in  water ;  if  a  metal,  it  must  be  heated  to  the 
point  of  fusion;  and  if  a  volatile  substance,  it  must  be 
evaporated  by  beat.  In  these  cases  we  see  that  the  parti- 
cles will  have  all  the  simplicity  and  all  the  mobility  neces- 
sary for  their  freely  obeying  the  force  which  must  bring 
them  together  and  unite  them.  If  the  water  which  con- 
tains the  salt  is  slowly  evaporated^  so  that  the  particles 
may  arrange  themselves  according  to  their  proper  laws^ 
very  regular  crystals  will  be  formed  on  the  sides  and  at 
the  bottom  of  the  vessel^  or  on  a  stick  or  piece  of  thread 
immersed  in  the  solution,  so  as  to  serve  for  a  point  of  sup- 
port. In  a  similar  manner  melted  metal  takes  a  regular 
form  as  it  cools ;  but  it  must  not  be  all  allowed  to  cool,  or 
there  will  be  no  trace  of  crystallization^  since  all  the  inter- 
stices of  the  crystals  will.be  filled  with  the  superabundant 
matter.  But  just  before  the  whole  becomes  solid  the  re- 
maining liquid  must  be  poured  away^  and  the  bottom  of  the 
vessel  will  be  found  to  contain  crystals  more  or  less  regular 
according  as  the  instant  seized  is  more  or  less  favourable. 
Lead  and  bismuth  are  the  best  suited  for  this  purpose,  and 
form  quadrangular  prisms  which  are  connected  together  by 
their  bases.  If  the  substance  be  volatile,  the  particles 
which  the  heat  carries  away  being  received  against  a  cold 
surface  take  a  certain  arrangement;  thus  sulphur  being 
volatised  or  sublimated  crystallizes  in  needles  or  thin  fine 
prisms  applied  one  to  the  other.  Such  then  being  the 
general  phenomena  of  crystallization,  we  shall  proceed  to 
examine  the  structure  of  crystals  as  they  are  actually  pre- 
sented to  us  in  nature,  and  the  laws  which,  according  to  the 
researches  of  Haiiy,  appear  to  exist  in  the  construction  of 
the  irregular  forms. 

.16.  Primitive  and  Secondary  Forms. — It  appears  that 

every  crystal,  whether  natural  or  artificial,  admits  of  being 

•cleft  and  subdivided  in  certain  fixed  directions  with  much 

greater  facility  than  in  any  other  manner.     These  sections 
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of  least  reisistance  are  called  planes  of  cleavage^  and  their 
number  and  position  depend  entirely  on  the  nature  of  the 
substance.  This  division  having  been  continued  in  all 
directions  where  it  is  possible,  a  nucleus  is  at  last  obtained, 
and  all  subsequent  division  will  only  diminish  the  bulk  with- 
out altering  the  form  of  this  nucleus.  The  planes  of  least 
resistance  or  cleavage  are  all  parallel  to  the  planes  which 
terminate  the  figure;  hence  if  the  nucleus  be  a  cube  it  will 
continue  still  a  cube>  although  by  continual  sections  it  be- 
comes reduced  to  inconceivable  minuteness^  This  nucleus 
or  limiting  form  so  obtained  is  called  the  primitive  form  of 
die  crystsd.  Its  faces  are  in  number  either  equal  to  or 
double  its  different  planes  of  cleavage ;  thus  three  different 
deavages  give  a  parallelopiped  as  the  primitive  form,  four 
an  octohedron  or  tetrahedron.  Thus  the  primitive  form  or 
nucleus  of  the  crystal  is  a  solid  of  a  constant  form,  whose 
faces  follow  the  directions  of  the  laminae  which  form  the 
crystals.  The  parallelopiped  and  octohedron  are  the  most 
frequent  primitive  forms. 

The  secondary  forms  of  crystals  are  those  under  which 
the  crystal  generally  presents  itself;  a  crystal  is  rarely  found 
of  the  same  form  as  its  nucleus,  and  v^hen  the  laminae  divide 
easily  in  any  other  direction  than  parallel  to  the  existing 
faces,  we  know  that  the  entire  crystal  is  not  of  the- primitive 
form.  It  appears  then  that  every  crystal  may  be  considered 
as  built  up  by  the  application  of  layers  to  the  faces  of  its 
nucleus.  Thus  nature  appears  in  every  case  to  have  started 
from  a  primitive  form,  and  by  adding  successive  layers  of 
particles,  whose  dimensions  differ  according  to  certain  laws, 
to  arrive  at  the  secondary  form. 

17.  Remarks, — Ingenious  and  beautiful  as  this  theory 
undoubtedly  is,  it  must  ever  be  borne  in  mind  that  it  is  at  pre- 
sent but  an  hypothesis  serving  to  guide  us  in  our  researches. 
The  known  laws  of  crystallography  are  entirely  independent 
of  any  hypothesis  respecting  the  existence  of  ultimate 
atoms,  or  the  manner  in  which  a  crystal  is  built  up  from  a 
primitive  form.     We  know  for  certain  that  different  sub- 
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Stances  do  appear  in  certain  definite  forms,  and  that  if  a 
cubic  or  octagonal  crystal  be  more  easily  divisible  by  laminae 
parallel  to  its  faces  than  in  any  other  direction^  we  may 
continue  to  diminish  the  magnitude  of  the  crystal^  as  long 
as  the  mechanical  division  is  possible  without  any  change 
of  the  form.  But  still  when  the  assumption  of  the  molecu- 
lar constitution  of  bodies^  combined  with  the  preceding 
theory,  serves  so  well  to  explain  most  of  the  known  pheno- 
ipena  of  crystals^  considerable  confirmation  is  afforded  to 
these  doctrines.  The  various  phenomena  being  duly  con- 
sidered, little  doubt  can  remain  that  all  substances  suscepti- 
ble of  crystallization  consist  of  atoms  of  a  determinate  form. 
The  observed  facts  and  the  reasonings  from  them,  so  long  as 
they  are  independent  of  any  hypothesis  respecting  the  con- 
stitution of  matter^  cannot  be  disturbed^  should  it  be  here- 
after proved  that  matter  is  physically  infinitely  divisible. 
But  the  regular  form  of  crystals  and  the  property  of  being 
easily  divided  in  certain  directions^  indicate  that  the  force 
of  cohesion  does  not  exert  its  power  in  the  same  degree  in 
all  the  points  of  their  particles ;  hence  these  particles  seem 
to  have  certain  poles  of  attraction^  which^  according  to  their 
greater  attractive  force,  determine  the  position  of  the  parti- 
cles. This  conception  of  polarity,  which  we  see  exemplified 
on  a  great  scale  in  the  magnetic  needle^  is  forced  upon  us 
by  the  phenomena  to  which  we  have  referred,  and  must  be 
considered  as  one  of  the  most  interesting  and  promising 
speculations  of  modern  science.* 

•  See  Prout's  Bridgewiter  TTcatise,  &  Herschers  Nat,  Phil.  p.  239. 
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CHAP.    IV. 


KQCILIBRIUM RESULTANTS — MACHINES TUBEE    LAWS    OF    MOTION-— 

CENTBIFUGAL    FORCE MOMENTUM — IMPACT    AND    PRESSURE. 


18.  In  the  preceding  chapters  we  have  treated  of  those 
properties  of  bodies  which  depend  essentially  on  their  con- 
stitution, and  which  may  be  conceived  to  arise  from  the 
modifications  of  the  internal  forces  to  which  their  ele- 
mentary particles  are  subject.  We  have  now  to  consider 
bodies  as  subject  to  external  forces,  and  in  a  state  of  rest  or 
motion;  and  to  state  the  laws  which  belong  to  these  phe- 
nomena. 

A  body  is  in  equilibrium,  or  at  rest,  when  the  forces 
which  act  upon  it  destroy,  that  is,  counteract  each  other, 
or  when  they  are  counteracted  by  some  resistance.  Thus 
a  body  suspended  by  a  string  is  in  equilibrium,  because  the 
action  of  gravity  upon  it,  that  is,  its  weight,  is  counter- 
acted by  the  tension  of  this  string,  and  this  again  is  coun- 
teracted by  the  resistance  of  the  point  of  support.  If  the 
string  is  not  sufficiently  strong  it  breaks,  and  the  body  falls 
to  the  ground ;  if  the  point  of  support  is  not  sufficiently 
firm,  the  body  drags  it  down,  and  both  fall  together.  Some- 
times there  is  equilibrium  where  there  is  no  fixed  point  and 
no  apparent  resistance;  as  when  a  fish  is  at  rest  in  the 
water,  or  a  balloon  in  the  air ;  here,  however,  the  weight 
of  the  fish  and  of  the  balloon  is  exactly  counteracted  by 
particular  pressures,  as  we' shall  see  hereafter. 

i>2 


We  may  assert^  then,  that  all  bodies  which  appear  to  us 
to  be  at  rest  are,  in  fact,  bodies  in  equilibrium;  for  they  are 
always  subject  to  the  action  of  several  forces,  which  destroy 
or  counterbalance  one  another.  Two  forces  may  be  consi- 
dered as  equal  when,  being  applied  at  the  same  point,  or  at 
the  extremities  of  an  inextensible  line,  in  opposite  direc- 
tions, they  produce  equilibrium.  Two  equal  forces  will 
give  a  double  force  when  they  are  added  together,  that  is, 
when  they  act  on  the  same  side  of  any  point  and  in  the 
same  direction.  Thus  a  triple  or  quadruple  force,  and  so  on, 
may  arise.  If  then  we  agree  to  represent  a  force  by  a 
number  or  by  a  line,  double  that  force  will  be  represented 
by  doubling  the  number  or  the  line.  Now,  all  force  may 
be  measured  by  weight;  hence  forces  of  one  pound,  two 
pounds,  &c.,  mean  forces  which  produce  the  same  effect  as 
those  weights  would  produce. 

19.  Action  and  Reaction  equal  and  opposite. — When 
any  force  is  counteracted,  as  when  an  immoveable  obstacle 
is  pulled  by  a  string,  or  when  a  post  sustains  a  weight,  there 
is  a  pressure  exerted  in  one  direction  which  must  be  coun- 
teracted by  a  pressure  exerted  in  the  opposite  direction. 
That  each  such  force,  or  pressure,  acting  at  any  point  of  a 
body,  or  a  machine,  must  be  accompanied  and  counteracted 
by  an  equal  and  opposite  force,  or  pressure,  follows  from 
the  nature  of  equilibrium.  These  two  equal  pressures  then, 
or  forces,  which  co-exist  at  any  point,  are  called,  for  the 
sake  of  distinction,  the  Action  and  the  Keaction ;  and  the 
preceding  statement  is  generally  referred  to  in  mecha- 
nical science  by  the  terms,  '  the  equality  of  Action  and  Re- 
action.' 

There  are  several  instances  in  which  the  reaction  of 
any  point  may  be  transferred  to  some  other  point,  so  as  to 
act  at  a  mechanical  advantage ;  the  motion  of  a  boat  im- 
pelled by  oars,  and  of  a  locomotive  engine  on  a  railroad  or  a 
common  road,  are  two  examples  of  frequent  occurrence. 

20.  Resultants. — When  several  forces  act  at  a  point,  we 
ean  conceive  that  the  effect  produced,  that  is,  the  pressure 
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exerted^  might  be  produced  by  a  single  force;  this  single 
force^  which  may  replace  all  the  others  without  altering  the 
effect  produced,  is  termed  the  resultant  of  all  the  forces.  It 
is  a  proposition  of  mathematics  to  prove  that  any  number  of 
forces  have  a  single  resultant^  and  to  determine  the  magni« 
tude  of  that  resultant,  and  the  direction  in  which  it  must  act. 
There  is  no  difficulty  in  satisfying  ourselves  as  to  the  fact 
that  the  effect  which  is  produced  by  a  number  of  forces  act- 
ing at  a  point  may  be  produced  by  a  single  force  applied  at 
the  same  point.  When  several  ropes  are  employed  to  sus- 
tain weights,  or  to  produce  motion^  we  see  cases  in  which 
the  same  effect  might  be  produced  by  a  single  rope  in  a 
proper  direction;  that  is,  all  the  forces  exerted  by  these 
ropes  may  be  replaced  by  a  single  force,  that  is^  by  their 
resultant.  The  forces  so  replaced  by  a  single  force  are  termed 
the  component  forces,  because  the  whole  effect  is  composed 
or  compounded  of  their  separate  effects ;  this  is  termed  the 
composition  of  forces. 

In  the  same  manner  as  any  number  of  forces  may  be  re- 
placed by  a  single  force>  a  single  force  may  be  replaced  by 
several  others.     The  force  is  then  said  to  be  resolved  into 
others^  and  this  operation  is  termed  the  resolution  of  forces. 
21 .  Parallelogram  of  forces, — When  the  directions  of  two 
farces  which  act  on  a  point  make  an  angle  with  each  other^ 
the  resultant  of  these  two  components  has  a  determinate 
magnitude  and  direction,  that  is,  its  magnitude  and  direction 
may  be  assigned  by  an  invariable  rule.    The  enunciation  of 
this  rule  is  simple  and  distinct ;  for  the  proof  of  it  recourse 
must  be  had  to  mathematical  science.    We  have  already  (Art. 
18.)  said  that  forces  may  be  represented  in  magnitude  and  di- 
rection by  lines ;  if  then  the  two  forces  which  act  on  any  point 
be  represented  in  magnitude  and  direction  by  two  lines,  these 
lines  will  make  an  angle  with  each  other.     These  two  lines 
being  considered  as  the  sides  of  a  parallelogram,  let  the  figure 
be  completed^  then  the  diagonal  of  this  parallelogram  will 
represent,  both  in  magnitude  and  in  direction,  the  resultant 
required^ 
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Let  two  forces  p  and  q  act  at  the  point  A,  the  one  in  the 
direction  a  p,  the  other  in  the  direction  A  Q,  as  indicated  by 
the  arrows.     Let  a  b  represent  the  magnitude  of  the  force 


p>  and  A  0  the  magnitude  of  the  force  Q,  and  complete  the 
parallelogram  a  c  d  b  by  drawing  b  d  parallel  to  A  c^  and 
c  D  parallel  to  a  b.  Join  ad,,  then  the  magnitude  and 
direction  of  the  resultant  r  will  be  represented  by  a  d,  the 
diagonal  of  the  parallelogram.  Thus  the  point  a,  acted  on 
by  two  forces  in  the  directions  a  p  and  a  q,  is  exactly  in 
the  same  case  as  if  it  were  acted  on  by  a  single  force  in  the 
direction  a  r,  and  whose  magnitude  may  be  represented  by 

AD. 

When  the  components  are  equal  the  resultant  will  bisect 
the  angle  which  they  make  with  each  other,  when  unequal 
it  will  be  nearer  the  greater  force.  If  the  point  on  which 
the  forces  act  is  fixed,  the  pressure  which  it  sustains  is  the 
same  as  the  resultant  of  the  forces ;  if  the  point  be  not  sus- 
tainedy  it  will  move  in  the  direction  of  the  diagonal. 

In  the  same  manner,  whatever  be  the  number  of  forces 
applied  at  a  point,  their  resultant  can  always  be  found ;  for, 
first,  find  the  resultant  of  any  two  of  them  by  the  preceding 
rule ;  and  then  take  this  resultant  and  another ;  and  so  on 
till  the  resultant  of  all  the  forces  is  found. 

22.  Resultant  of  parallel  forces. — The  forces  in  the  pre- 
ceding articles  are  oblique  forces,  that  is,  they  have  their 
directions  inclined  to  each  other  at  some  angle.  But 
when  the  forces  have  their  directions  parallel,  they  may 
generally  be  repilaced  by  a  single  force,  which  is  their  re- 
sultant. 
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Thus  if  A  p  and  b  q  be  parallel  forces^  there  will  be  a 
single  force  passing  through  some  point  c  betwixt  a  and  b, 
parallel  to  the  components^  which  will  produce  precisely 
the  same  effect.  In  these  figures  the  forces  act  on  the 
same  side  of  a  b,  or  in  the  same  direction,  but  if 
one  acted  on  the  other  side  as  represented  by  the  dot- 
ted lines,  there  would  be  a  single  resultant,  except  in  the 
case  in  which  the  two  forces  p  and  Q  are  exactly  equal. 
Two  equal  and  parallel  forces  acting  on  opposite  sides  of  a 
line  constitute  what  is  termed  a  couple,  which  does  not  pro- 
duce the  same  effect  on  a  body  as  a  single  force ;  it  twists  a 
body;  and  any  body  subject  only  to  two  such  forces  can 
never  be  at  rest. 

The  action  of  gravity  presents  us  with  an  example  of 
parallel  forces  on  the  grand  scale:  we  shall  see  that  bodies 
may  be  considered  as  having  every  one  of  their  particles 
acted  on  by  forces  whose  directions  are  parallel,  and  conse- 
quently the  whole  effect  is  the  same  as  might  be  produced 
by  a  single  force,  or  by  their  resultant. 

23.  The  Lever, — In  the  preceding  articles  we  have  seen 
the  general  conditions  of  equilibrium  for  forces  acting  at  a 
point;  but  in  practice  the  forces  can  rarely  be  considered  as 
acting  in  that  manner ;  they  are  generally  applied  to  differ- 
ent points  on  a  rigid  body,  and  tend  to  turn  it  about  some 
axis  or  centre  of  motion.  In  these  cases  other  considerations 
must  be  introduced,  and  as  the  laws  are  the  same  for  all 
these  cases,  we  shall  state  and  illustrate  them  in  their  ap- 
plication to  the  simple  case  of  the  equilibrium  of  a  lever. 

The  form  and  applications  of  the  lever  are  very  varied 
and  numerous ;  but  the  simplest  case  is  that  of  d  straight 
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rower  pulls,  is  the  power  exerted  ;  in  all  these  cases,  which 
are  levers  of  the  second  kind,  the  power  exerted  is  less  than 
the  resistance  overcome.  Hence,  in  levers  of  the  first  and 
second  kind>  the  power  acts  at  a  mechanical  advantage. 

But  in  the  third  kind,  in  which  the  power  acts  hetween 
the  weight  and  the  fulcrum,  the  force  exerted  is  greater 
than  the  resistance  overcome.  Thus  in  the  common  fire 
^ngs,  the  hand  being  near  the  fulcrum  exerts  a  greater  force 
$han  is.  exerted  at  the  surface  of  the  substance  raised.  In 
tb^  shears  used  for  cutting  off  the  wool  from  sheep,  the 
h^nd  exerts  a  greater  force  than  the  resistance  of  the  sub- 
stance cut.  This  may  also  be  well  illustrated  by  a  person 
pushing  at  a  gate  near  the  hinge.  The  force  which  he  must 
exert  to  open  the  gate  is  the  greater  the  nearer  the  hand  is 
placed  to  the  hinge.  The  limbs  of  animals  are  in  general 
levers  of  this  class;  the  object  being  to  obtain  a  motion 
through  a  larger  space  than  that  through  which  the  power 
acts.  Thus  the  muscle  which  moves  the  arm  aiid  hand  acts 
near  the  elbow,  so  that  the  hand  moves  through  a  large  space 
while  the  parts  near  the  elbow  may  be  considered  as  sta- 
Nonary. 

The  considerations  of  the  relative  space  through  which 
the  power  and  the  weight  act  are  of  the  greatest  importance 
in  practical  mechanics^  and  the  proposition  which  is  thus 
.arrived  at  for  all  the  mechanical  powers,  as  well  as  for  the 
Jever^  may  be  expressed  in  the  following  terms,  '  whaj;  is 
gained  in  force  is  lost  in  velocity.'     Thus  in  the  first  kind 
of  lever,  in  the  common  poker  for  instance,  the  hand  moves 
through  a  much  greater  space,  in  the  same  time,  than  the 
coals  raised  move  through.     In  the  oar,  which  is  a  lever  of 
the  second  class,  the  hand  moves  through  a  greater  spa^ 
than  the  boat.   Bat  in  the  third  kind  of  lever,  as  in  the  com- 
mon fire  tongs,  the  hand  moves  through  a  much  less  space 
than  the  end  of  the  tongs,  and  just  in  the  same  proportion 
as  the  power  exerted  is.  greater  than  the  resistance  overcome. 
24.  Mackhies.-^lt  would  be  foreign  to  our  present  sub- 
ject to  consider  the  various  combinations  which  are  commonly 
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expressed  by  the  term  mechanical  powers ;  but  as  this  term 
has  been  much  misunderstood  from  incorrect  views  of  physi- 
cal principles,  we  shall  endeavour  to  illustrate  these  princi- 
pies  by  their  applications  in  machines.     The  first  question 
then  is,  what  is  meant  by  a  machine ;  and  to  this  we  reply 
that  a  machine  is  any  instrument  designed  for  the  modifica- 
tion of  force ;  as,  for  the  transfer  of  force  exerted  at  one  point 
to  another  point,  or  for  causing  a  force  which  acts  in  one 
direction  and  in  one  manner  at  one  point,  to  act  in  a  different 
direction  and  in  a  different  manner  at  another  point.     Thus 
a  knife  is  a  machine,  since  the  power  or  force  exerted  by  the 
band  at  the  handle  is  transferred  to  the  substance  to  be  cut. 
A  pair  of  scissors  is  a  machine.     In  all  machines  there  are 
two  conventional  terms,  the  power  and  the  resistance ;  by 
the  power  we  mean  the  force  whose  action  and  direction  is  to 
be  changed  and  modified  by  the  machinery,  and  by  the  resist* 
ance  we  mean  the  obstacle  which  is  to  be  overcome,  or  the 
work  which  is  to  be  done.    Thus,  in  cutting  any  thing  with 
a  pair  of  scissors,  as  we  have  already  seen^  the  force  which 
the  fingers  exert  is  the  power,  and  the  force  exerted  on  the 
substance  cut  is  the  resistance ;  in  a  steam  engine  the  elastic 
force  of  the  steam  is  the  power,  the  friction  to  be  overcome^ 
and  the  work  to  be  done,  together  constitute  the  resistance. 
We  must  therefore  consider  a  machine  merely  as  intended 
to  transmit  power  and  to  execute  work ;  and  the  advantage 
derived  from  machinery  consists  in  the  modifications  and 
adaptations  of  which  a  power  is  susceptible  from  this  very 
transmission.     The  simple  machines  enable  us  to  concentrate 
and  divide  any  quantity  of  force  which  we  may  possess;  a 
small  force  may  be  husbanded  so  as  to  produce  all  at  once  a 
prodigious  effect ;  a  large  force  may  be  subdivided  so  as  to 
produce  ten  thousand  small  effects.     These  principles  are 
illustrated  by  what  is  going  on  in  every  factory  in  the  king- 
dom.    The  force  of  wind,  water,  or  steam,  by  a  continuous 
uniform   action,   sets  in  motion  a  large   fly-wheel ;    this 
wheel  may  be  employed  every  few  miviutes  to  lift  a  mas- 
sive forge  hammer,  or  it  may  keep  thousands  of  smaller 
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wheels  in  operation.  The  various  motions  which  are  going 
on  in  a  single  factory,  all  derived  from  one  original  motion, 
and  all  arising  from  the  modifications  which  force  and  mo- 
tion may  receive  by  transmission,  are  objects  most  worthy  of 
attentive  examination. 

In  all  the  mechanical  agents  by  which  motion  is  trans- 
mitted, as  in  the  lever,  the  pulley,  the  wheel  and  axle,  and 
many  others,  it  may  be  mathematically  demonstrated,  that 
no  real  power  can  be  gained  by  their  use,  however  combined. 
It  is  certain  that  whatever  force  is  applied  at  one  point  can  only 
be  exerted  at  some  other,  diminished  by  friction  and  other 
incidental  causes ;  but  the  gain  arises  from  other  sources, 
as  the  economy  of  time  and  labour,  and  convenience.  There 
is  another  principle,  that  whatever  is  gained  in  the  rapidity 
of  the  execution  is  compensated  by  the  nece.si>ity  of  exerting 
additional  force:  all  the  combinations  of  mechanical  art 
can  only  augment  the  force  communicated  to  a  machine  at 
the  expense  of  the  time  employed  in  producing  the  effect. 
We  will  illustrate  this  by  the  familiar  instance  of  raising 
water  by  a  common  pump :  the  pump  handle  may  be  either 
short  or  long ;  or,  which  is  the  same  thing,  the  person  who 
pumps  may  at  one  time  lay  hold  of  the  middle  of  the  pump 
handle,  and  at  another  time  at  the  end ;  and  he  may  work 
the  pump  in  either  case ;  but  when  his  hand  is  at  the  middle 
he  must  exert  a  much  greater  force  than  when  it  is  at  the 
end,  but  then  his  hand  moves  through  a  much  less  space. 
The  advantage  thus  derived  from  a  long  pump  handle  is, 
that  a  weak  man  moving  his  arm  through  a  long  space  at  the 
end  of  the  handle  can  raise  as  much  water,  that  is,  do  as 
much  work,  as  a  strong  man  moving  his  arm  through  a  less 
space.  But  unless  the  weak  man  moves  his  arm  quicker 
than  the  strong  man,  he  will  take  more  time  in  going  through 
his  appointed  space :  then  we  see  that  the  effect  of  the  lever 
in  this  case  may  be  viewed  in  two  ways ;  first,  either  as  en- 
abling a  weak  man  who  moves  his  arm  rapidly  to  do  as  much 
work  as  a  strong  man  who  moves  his  arm  slowly,  and  thus 
placing  them  on  an  equality,  so  to  speak,  as  mechanical 
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agents;  secondly,  as  enabling  a  weak  man  to  do  in  more 
time  what  a  strong  man  can  do  in  less. 

The  real  advantage  then  of  the  simple  machines  arises 
from  the  means  which  they  present  of  employing  the  small 
power  which  we  always  possess  according  as  it  may  be  re- 
quired. One  man's  effort,  provided  he  works  proportionally 
longer,  may  produce  the  same  efiect  as  the  sudden  effort  of 
a  hundred  men.  But  it  would  frequently  be  impossible  to 
bring  together,  or  to  concentrate,  the  efforts  of  a  hundred 
men.  Thus^  at  the  expense  of  time  one  man  may  do  the 
work  of  one  hundred  men.  Again,  one  man  may  by  the 
use  of  a  combination  of  levers,  such  as  is  exhibited  in  the 
printing  press,  bring  the  types  and  the  paper  together,  and 
press  the  one  on  to  the  other  with  a  pressure  which  many 
men  could  not  produce  by  any  direct  efforts;  thus  the  force 
which  he  exerts  at  a  particular  point  may  be  increased  to  any 
extent,  but  then  it  is  certain  that'his  individual  effort  will 
have  been  exerted  through  a  much  greater  space,  and  it  is 
the  effort,  together  with  the  space  through  which  the  effort 
can  be  exerted,  which  constitutes  the  power  of  an  agent* 
Hence  we  may  appreciate  the  truth  of  the  following  propo- 
sition, that  'the  power  of  an  agent  cannot  be  increased  by 
the  intervention  of  machinery,  but  its  force  may.' 

25.  Power  is  not  created^  hut  concerted, — In  the  pre- 
ceding article  we  have  seen  that  power  cannot  be  aug- 
mented, that  is,  created  by  the  intervention  of  machinery, 
and  we  shall  see  that  the  same  may  be  asserted  of  all  the 
natural  agents  of  which  we  avail  ourselves :  here  there  is  no 
creation  but  only  a  conversion  of  power.  The  two  natural 
agents  of  wind  and  water  are  in  a  state  of  motion  by  na- 
ture ;  we  only  make  use  of  this  state,  and  by  some  mecha- 
nical intervention  change  the  direction  of  the  motion  so  as 
to  render  it  subservient  to  our  purposes;  we  obtain  a  force 
acting  in  'a  different  direction,  and  modified  so  as  to  suit  our 
purposes,  but  we  create  no  power.  If  we  avail  ourselves  of 
a  descending  stream  to  turn  a  water  wheel,  we  are  appro- 
priating a  power  which  nature  may  appear  at  first  sight  to 
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be  uselessly  and  irrecoverably  wasting,  but  whicb  upon  due 
examination  we  shall  find  she  is  ever  regaining  by  other 
processes.*  The  force  of  vapour  is  another  most  fertile 
source  of  moving  power,  but  here  it  can  hardly  be  main- 
tained that  power  is  created.  Water  is  converted  into 
elastic  vapour  by  the  combustion  of  fuel ;  if  all  the  changes 
which  are  going  on  can  be  considered  as  accomplished  by 
mechanical  force,  it  will  be  almost  certain  that  the  power 
necessary  to  produce  it  is  at  least  equal  to  that  which  is 
generated  by  the  original  combustion.  'Man  therefore 
does  not  create  power;  but  availing  himself  of  his  know- 
ledge of  nature's  mysteries,  he  applies  his  talents  to  divert- 
ing a  small  and  limited  portion  of  her  energies  to  his  own 
wants;  and  whether  he  employs  the  regulated  action  of 
steam,  or  the  more  rapid  and  tremendous  effects  of  gun- 
powder^  he  is  only  producing  on  a  small  scale  compositions 
and  decompositions  which  nature  is  incessantly  at  work  in 
reversing,  for  the  restoration  of  that  equilibrium  which  we 
canuot  doubt  is  constantly  maintained  throughout  even  the 
remotest  limits  of  our  system.  The  operations  of  man  par- 
ticipate in  the  character  of  their  author;  they  are  diminu- 
tive, but  energetic  during  the  short  period  of  their  exist- 
ence; whilst  those  of  nature^  acting  over  vast  spaces  and 
unlimited  by  time^  are  ever  pursuing  their  silent  and  re- 
sistless career.'t 

26.  Motion  uniform  and  varied, — In   considering   the 
different  cases  of  the  motion  of  a  body  without  any  refer- 

* 

ence  to  the  cause  of  that  motion,  the  rate  at  which  the 
body  moves  occupies  our  attention.  Some  motions  are 
slow,  others  rapid ;  these  are  however  but  relative  terms, 
as  the  most  rapid  motion  which  we  observe  about  us  is 
slow  when  compared  with  the  motion  of  the  earth,  and 
absolute  rest  when  compared  with  the  velocity  of  light. 
But  the  two  kinds  of  motions  with  which  we  are  at  pre- 
sent concerned  are  uniform  and  varied  motion,  the  latter 

•   See  Babbage  on  Manuftteturts,  p.  17.  f-  Ibid^  p.  18. 


CHAP.  IV.  LAW9  OP  MOTION.  41 

of  which  may  be  either  accelerated  or  retarded,  of  which 
we  shall  see  instances  in  the  motion  of  bodies  by  the  oon<*> 
stant  action  of  gravity. 

The  motion  of  a  body  is  said  to  be  uni/brm  when  it 
passes  over  equal  spaces  in  successively  equal  intervals  of 
time,  and  varied  when  the  spaces  corresponding  to  success 
sive  and  equal  portions  of  time  are  not  the  same.  If  the 
spaces  passed  over  in  equal  portions  of  time  become  succes- 
avely  larger  and  larger,  the  motion  is  said  to  be  accelerated* 
and  if  smaller  and  smaller,  it  is  said  to  be  retarded.  Thus^ 
suppose  we  have  a  dock  which  beats  seconds,  and  observe 
any  body  which  moves  in  a  straight  line,  if  during  the  in^ 
terval  of  every  successive  beat  it  passes  over  one  foot^  in 
sixty  beats,  or  in  one  minute,  it  will  have  passed  over  sixty 
feel;  the  motion  then  of  this  body  is  uniform.  But  if 
having  passed  over  one  foot  in  the  P^  second^  it  passes  over 
more  than  one  foot  in  the  2"^  second,  and  still  more  in  the  3*^, 
and  so  on,  the  motion  of  that  body  is  said  to  be  accelerated ; 
and  if  it  pass  over  less  than  one  foot  in  the  2*^  second,  and  still 
less  in  the  3^,  and  so  on,  the  motion  is  Retarded.  The  velocity 
of  a  body  is  the  space  passed  over  in  a  given  time,  as  in  one 
second ;  hence  when  one  body  is  said  to  have  a  greater  or 
a  less  velocity  than  another,  we  mean  that  a  greater  or  a 
less  space  is  passed  over  in  the  same  portion  of  time.  Now 
one  secand  is  always  taken  as  the  unit  of  time,  and  all 
motion  is  measured  by  the  space  which  is  or  would  be 
passed  over  in  this  time.     Thus  if  a  person  travel  four 

miles  an  hour,  his  velocity  is  ^^o=^5*S6,  or  nearly  six  feet 
per  second. 

The  motion  of  bodies  is  generally  referred  to  three 
fundamental  laws,  which  were  first  established  by  Newton, 
and  which,  having  been  the  basis  of  mechanical  philosophy 
from  his  time  to  the  present,  will  require  to  be  considered 
in  some  detail* 

27*  First  law  of  motion, — ^  A  body  in  motion,  not  acted 
on  by  any  force,  will  move  on  in  a  straight  line  with  a 
unifonn  velocity.' 

e2 
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Our  first  impresgion  respecting  the  motion  of  bodies  is 
diat  there  exists  in  niotion  some  tendency  to  self-destruo* 
tion,  or  some  disposition  continually  to  retard  itself^  as  if 
from  a  kind  of  inertness  in  matter;  for  all  the  bodies 
which  we  see  in  motion  are  observed  to  move  more  and 
more  slowly,  losing  their  velocity  by  different  degrees  till 
the  whole  is  exhausted,  and  the  body  is  reduced  to  a  state 
of  rest.  But  it  is  clear  that  in  common  cases  much  of  the 
retardation  is  owing  to  external  causes,  as  friction  and  the 
resistance  of  the  air,  for  in  proportion  as  these  impediments 
are  removed  the  motion  continues  longer.  A  ball  rolled 
along  the  ground  is  speedily  stopped,  but  if  it  be  rolled 
along  a  sheet  of  ice,  the  motion  will  continue  for  a  very 
long  time.  The  time  during  which  a  pendulum  will  con- 
tinue in  motion  depends  so  essentially  on  the  resistance  of 
the  air,  that  in  an  exhausted  receiver  a  pendulum  may  be 
made  to  swing  for  several  days.  From  these  and  similar 
instances  we  are  led  to  infer  that  atl  the  retardation  arises 
from  the  action  of  external  causes ;  hence  if  these  could  be 
entirely  rieraoved  the  motion  would  go  on  uniformly,  the 
velocity  continuing  undiminished  for  ever.  The  motion 
will  also  be  in  a  straight  line^  for  whenever  this  is  not  the 
ease  it  will  be  seen  to  be  the  result  of  some  constraint. 
We  may  conclude  therefore  that  motion  is  naturally  uni- 
fomn  and  rectilinear. 

It  appears  then  that  a  body  has  no  natural  tendency 
either  for  a  state  of  rest  or  a  state  of  motion.  It  is  entirely 
passive.  If  it  be  at  rest^  it  remains  at  rest ;  if  it  be  in  mo- 
tion, it  continues  moviug.  In  the  former  case,  the  slightest 
£jrce  which  solicits  it  to  move,  if  not  opposed  by  an  equiva- 
lent force,  is  obeyed ;  in  the  latter  case,  the  slightest  obstacle 
which  retards  it  takes  away  something  from  its  velocity; 
and,  if  such  action  continue^  will  finally  extinguish  the 
whole  motion. 

The  law  that  a  body  is  thus  indifferent  to  rest  and  motion 
is  called  the  law  of  inertia;  it  may  be  illustrated  in  many 
well-known  instances  where  any  change  takes  place  suddeqly 
in  the  state  of  things  composed  of  several  parts.     When  a 
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coach  is  suddenly  stopped  by  any-  yiolent  concussioD^  as 
being  upset,  the  passengers  and  luggage  will  be  tlirowa 
violently  forward.  The  passengers  and  luggage  being 
bodies  unconnected  with  the  coach  are  affected  by  the  law 
of  inertia,  and  go  on  with  the  motion  they  had  before^ 
though  the  vehicle  is  stopped.  A  person  sitting  in  a  can* 
liage  is  thrown  back  when  the  horses  suddenly  ioiorease 
their  speed,  and  thrown  forward  when  they  are.  suddenlir. 
stopped ;  hence,  by  observing  in  which  direction  this  effect 
takes  place,  a  person  put  blindfolded  into  a  carriage  may  by 
reflection  discover  whether  he  is  riding  forwards  or  back* 
wards,  that  is,  whether  he  is  placed  with  his  face  or  his 
back  to  the  horses.  If  a  vessel  containing  water  be  pudied 
violently  along  the  table  the  water  dashes  up  behind,  and 
j£  its  motion  be  suddenly  stopped  the  water  dashes  up  in 
front.  The  illustrations  of  this  law  are  iniinite ;  the  rea<* 
soning  on  which  we  have  founded  it  could  not  of  itself  be 
oooaidered  conclusive,  but  when  it  is  viewed  in  connection 
with  those  which  have  to  follow,  its  truth  cannot  possibly 
be  doubted. 

28.  Motion  not  perpetual. — Since  in  all  material  con* 
trivances,  however  perfect,  there  is  some  resistance  to  rxio^ 
tion  £n>m  the  constant  retarding  force  of  friction,  as  well  as 
from  other  incidental  causes,  no  machine  can  go  on  working 
for  an  indefinite  time  without  a  constant  supply  of  foree* 
This  supply  is  administered  in  a  watch  or  clock  when  they 
are  wound  up,  and  there  is  some  similar  source  in  every 
machine  which  goes  for  any  length  of  time ;  this  may  be 
carefully  concealed,  as  in  automatons,  but  it  must  exist.  In 
the  water  wheel  this  supply  is  furnished  by  the  perpetual 
descent  of  the  water;  in  the  windmill  by  the  constant 
action  of  the  air ;  and  these  supplies  may  be  perpetual,  as 
will  be  seen  when  we  come  to  consider  the  beautiful  and 
harmonious  compensations  which  exist  in  these  as  well  as 
every  department  of  nature.  In  the  steam  engine  the 
dasdcity  of  the  vapour  is  called  into  play  by  the  continued 
agency  of  fire,  and  similarly  in  all  other  cases.  Now  as  the 
smaUcflt  perpetual  subtraction  constantly  repeated  would 
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exhaust  the  largest  quantity,  so  the  smallest  perpetual  re- 
sistance uncompensated  would  finally  destroy  any  origiQal 
motion.  And  if  in  all  the  combinations  of  matter  there  is 
some  resistance,  the  doctrine  that  motion,  if  undisturbed,  is 
endless,  leads  immediately  to  the  conclusion,  that  a  motioii 
actually  perpetual  is  practically  impossible.* 

As  the  terms  motion  and  perpetual  have  occurred  to^ 
gether  in  the  preceding  remarks,  it  may  be  as  well  to  say  a 
few  words  on  the  sense  in  which  the  phrase  perpetual 
motion  is  generally  understood.  The  perpetual  motion 
which  is  here  shewn  to  be  practically  impossible  is  widely 
different  from  that  in  the  search  after  which  so  many  have 
squandered  their  lives  and  fortunes ;  the  perpetual  motion 
is  theoretically  absurd.  We  cannot  here  confute  in  gene- 
ral terms  the  notion  of  the  possibility  of  this  scheme,  but  a 
familiar  instance  of  what  is  meant  by  it,  added  to  the  prin- 
ciples already  laid  down,  will  be  sufficient  for  the  present. 
A  fall  of  water  will  turn  a  wheel  and  work  pumps ;  these 
pumps  might,  supposing  there  were  no  leakage,  friction, 
and  other  retarding  causes,  just  pump  all  the  water  back 
again  to  the  height  from  which  it  had  descended,  but  more 
than  this  could  not  be  done.  The  water  could  not  be 
ndsed  the  millionth  part  of  an  inch  higher,  nor  could  the 
vrfaeel  do  the  least  work  besides.  Now  the  believers  in  per- 
petual motion  fancy  that  it  can  pump  the  water  back  again, 
amd  by  the  intervention  of  machinery  do  some  work  besides, 

29%  Combined  motions, — The  motion  of  a  body  cannot 
take  place  in  more  than  one  direction  at  the  same  time;  a 
body  cannot  at  the  same  instant  have  two  or  more  motions 
of  translation ;  hence,  if  the  circumstances  are  such  that  a 
body  might  move  in  more  than  one  direction,  we  are  cer- 
tain that  these  motions  will  be  combined  into  one.  Sup- 
pose for  instance  that  a  person  walks  across  a  ship  as  the 
ship  is  sailing  on  its  regular  course,  he  can  go  but  in  one 
direction ;  again,  if  a  ball  be  rolled  along  a  table  in  one 
direction  as  the  table  is  being  moved  in' some  other  direc- 

•  W^ewell's  First  Principles^  Art.  9. 
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don,  this  ball  can  have  but  one  motion  compounded  of 
these  two.  The  law  of  the  composition  of  motions  is  sim- 
ple and  invariable.  The  motion  of  a  body  may  be  repre- 
sented in  velocity  and  direction  by  a  straight  line ;  if  then 
the  motion  of  a  body  consist  of  two  combined  motions^  such 
that,  separately,  they  would  be  represented  in  magnitude 
and  direction  by  the  two  sides  of  a  parallelogram,  this 
comlHned  motion  will  be  expressed  by  the  diagonal.  Thus 
at  the  same  instant  let  there  ^  ^ 

be  communicated  to  a  body  at  /\  7 

A   two  velocities,   such    that  /       \v 

with  one  the  body  would  de-  /  ^X^ 

scribe  the  line  A  B  and  with  the         / _^'' 

other  the  line  ac  in  the  same        '  ^ 

time,  then  completing  the  parallelogram  a  c  d  b,  the  actual 
motion  will  be  along  a  d,  the  diagonal  of  the  parallelogram. 

30.  Second  law  of  motion.-^'' When  any  force  acts  upon 
a  body  in  motion,  the  change  of  motion  which  it  produces 
is  in  the  direction  and  proportional  to  the  magnitude  of 
the  force  which  acts.' 

The  body  is  now  supposed  to  be  already  in  motion,  and 
to  be  subjected  to  the  action  of  some  force ;  now  since  the 
effect  of  this  force  will  be  to  produce  another  motion,  this 
must  be  compounded  with  the  former,  and  the  second  law 
of  motion  asserts  that  the  motion  produced  is  precisely  the 
same  in  amount  as  would  be  produced  were  the  body  at 
rest ;  so  that  the  new  motion  is  combined  with  the  previous 
motion  in  such  a  way  that  both  produce  their  full  effects 
parallel  to  their  own  directions. 

Thus,  suppose  a  body  con- 
sidered as  a  point  to  be  mov-       a. T'"''^^\!c 

ing  in  the  direction  a  b,  with  ji" fv, 

such  a  velocity  that  it  may  irXN^^ 

describe  ab  uniformly  in  one  |C 

second.      Then  by   the   iirst 

law  of  motion  it  would  in  the  next  second  describe  sb  in 
the  same  straight  line  equal  to  ab.     But  when  it  comes  to 
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B  let  a  force  in  the  direction  b  m  begin  to  act^  and  act  uni- 
formly upon  it  for  one  second;,  the  force  being  of  such  a 
magnitude  that  it  would  in  one  second  cause  the  body  to 
describe  b  m  from  rest.  Then^ .  at  the  end  of  one  second 
from  the  time  when  the  body  is  at  e,  it  will  h6  found  at  c, 
M  G  and  b  c  being  equal  and  parallel  to  b  6  and  b  m.  If 
when  the  body  comes  to  c  the  force  were  to  cease  to  act,  it 
would  go  on  moving  in  the  direction  and  with  the  velocity 
which  it  has  at  c.  Similarly  we  may  find  the  effects  of 
other  forces^  and  the  consequence  will  be  that  we  shall 
have  a  series  of  points,  as  c,  d,  which  is  the  path  in  which 
the  body  will  move,  and  these  being  near  each  the  path 
will  be  curvilinear. 

If  this  law  were  not  true,  and  we  still  suppose  the  earth 
to  revolve  on  its  axis,  a  body  struck  north  or  south  would 
deviate  either  to  the  east  or  west^  neither  of  which  is  found 
to  be  the  case;  a  stone  let  .fall  from  the  top  of  a  tower 
would  not  fall  at  its  base ;  the  ball  thrown  up  by  the  hand 
as  a  person  walks  along,  or  rides  on  a  coach,  would  not 
return  into  the  hand,  but  would  fall  behind.  When  a  man 
standing  on  a  galloping  horse  leaps  over  a  hoop  placed 
across  his  course,  he  does  not  leap  forward,  for  this  would 
carry  him  on  to  the  horse's  neck,  or  beyond  his  ears,  but 
merely  jumps  up,  and,  being  carried  on  according  to  the  law 
of  inertia  (Art.  29) ,  is,  in  conformity  with  this  second  law 
of  motion,  brought  down  to  his  proper  place,  just  as  if  he 
and  the  horse  had  not  been  in  motion. 

The  phenomena  which  may  be  adduced  in  illustration  of 
the  preceding  laws,  are  exceedingly  varied;  but  We  shall  see 
that  both  laws  are  applied  in  their  explanation.  Rectilinear 
motion  does  not  exist,  but  we  have  no  doubt  of  the  truth  of 
the  first  law,  because  we  see  that  the  change  from  the 
rectilinear  course  is  due  to  some  extraneous  force. 

The  motions  of  the  planets,  and  the  rotation  of  the 
earth,  are  the  really  satisfactory  proofs  of  the  truth  of  the 
first  and  second  laws  of  motion;  the  agreement  of  the 
results  of  complicated  mathematical  investigations  ^nded 
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on  the  supposed  truth  of  laws^  with  actual  observed  pheno- 
mena^ is  the  most  convincing  test  of  the  truth  -of  any  laws. 
This  is  the  evidence  which  we  have  already  spoken  of  (Art. 
3]^  and  no  one  can  doubt  of  the  truth  of  these  laws^  when  the 
mathematical  calculations  founded  upon  them  enable  us  to 
predict,  to  half  a  second,  the  time  at  which  Jupiter,  twenty 
years  hence,  will  be  on  the  meridian.     Every  actual  proof 
of  the  first  law  involves  the  truth  of  the  second ;  the  oscilla- 
tions of  the  pendulum  afford  a  direct  proof  of  both  of  them. 
31.   Centrifugal  Force. — The  effort  which  a  body  moving 
in  any  curve  or  round  a  centre,  as  when  a  stone  is  swung 
round  at  the  end  of  a  string,  makes  at  every  instant  to 
recede  from  the  centre,  or  to  break  the  string,  is  the  imme- 
diate  consequence  of  the  first  law  of  motion.     If  left  to 
itself  at  any  instant,  it  would  move  on  in  a  straight  line, 
or  ffy  off*  in  a  tangent ;  that  is,  the  direction  of  its  motion 
would  be  that  of  the  tangent  to  the  curve  at  the  instant 
when  it  was  left  to  itself.     Thus  we  see  the  dirt  from  a 
coach  wheel  flying  off"  in  all  directions;  for  each  particle 
preserves  the  direction  which  it  had  the  instant  at  which 
it  left  the  wheeL     Whenever  a  body  moves  in  a  curvi- 
linear path  it  must  be  deflected  from  the  rectilinear  path  by 
some  force,  and  the  centripetal  force,  or  force  requisite  for 
this  purpose,  may  be  supplied  in  different  ways.     If  a  stone 
be  whirled  round  at  the  end  of  a  string,  the  tension  of  the 
string  is  the  centripetal  force.     The  moon  revolves  about 
the  earth,  and  the  mutual  attraction  betwixt  them,  or  the 
gravity  of  the  moon  to  the  earth,  is  the  force  which  retains 
her  in  the  orbit.      If  this  centripetal  force  cease  at  any 
instant    the  body  immediately  flies   off*  from   the  centre, 
because  it  flies  in  a  tangent.     Thus  it  appears  that  there 
is  no  such  force  as  centrifugal  force  otherwise  than  as  the 
immediate  result  of  the  first  law  of  motion. 

The  tendency  of  revolving  bodies  to  recede  from  the 
centre  is  illustrated  by  many  phenomena.  If  a  pair  of  com- 
mon tongs  be  suspended  by  a  cord  from  the  top  and  made  to 
turn  by  the  twisting  or  untwisting  of  the  cord,  the  legs  will 
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separate  from  each  other  with  a  force  proportioned  to  the 
speed  of  rotation,  and  will  again  collapse  when  the  turning 
ceases.  This  is  the  principle  of  the  governor ^  of  such  uni- 
versal application  in  the  regulation  of  machinery.  The 
governor  may  he  described  as  a  pair  of  tongs  loaded  with 
heavy  balls  at  the  ends,  so  that  their  opening  may  be  mote 
energetic.  They  are  made  to  revolve  by  being  attached  to 
some  part  of  the  machinery ;  if  the  machinery  goes  too  h&i 
their  speed  is  increased,  they  consequently  fly  farther  from 
the  centre,  and  by  their  motion  may  cut  off  the  supply  of 
steam  or  water,  or  whatever  is  the  moving  power ;  on  the 
contrary,  should  the  machinery  go  too  slow  they  collapse, 
and  by  this  motion  may  be  made  to  turn  on  a  greater  supply 
of  power.  Thus  by  taking  advantage  of  the  simplest  laws 
of  nature  the  supply  of  power  in  an  enormous  manufactory 
may  be  always  exactly  proportioned  to  the  demand. 

The  application  of  these  principles  to  the  figure  of  our 
earth  and  the  other  planets  is  too  interesting  a  topic  to  be 
passed  over  in  silence.  We  know  that  if  a  ball  of  soft  clay 
be  made  to  revolve  rapidly  about  an  axis,  it  ought  and  will 
bulge  out  in  the  middle,  where  the  centrifugal  force  is 
greatest,  and  become  flattened  at  the  top  and  bottom.  Now 
this  same  thing  may  have  happened  to  our  earth;  we  know 
from  actual  measurement  that  it  bulges  out  by  about 
thirteen  miles  in  the  middle,  that  is,  its  equatorial  diameter  is 
twenty-six  miles  longer  than  its  polar  diameter  ;*  the  in- 
ference which  may  be  drawn  therefore  is,  that  our  earth  has 
been  brought  into  this  form  by  a  rotation  about  its  axis. 
Thus  we  have  presumptive  evidence  of  this  rotation,  and 
when  from  the  assumption  of  this  rotation  we  proceed  to 
calculate  what  its  force  ought  to  be,  and  determine  that 
it  ought  to  be  just  as  we  know  it  is,  we  are  firmly  established 
in  the  conviction  of  the  truth  of  our  principles.     The  same 

•  The  measurements  given  by  Mr.  Airy»  in  the  Encyclopaedia  Me- 
tropolitara,  are,  Equatorial  diameter        7.925-648  miles, 
Polar  diameter  7,899  170 

Difference  of  diameters       26*478 
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evidence  is  ftmushed  by  the  forms  of  Jupiter  and  Sttom; 
they  revolTe  mnch  quicker  than  our  planet^  and  consequent 
bulge  out  much  more. 

32.  Third  law  ofMotUm. — *  When  a  force  of  the  nature 
of  pressure  produces  motion,  the  velocity  produced  is  pio- 
portibnal  to  the  force.' 

The  two  preceding  laws^  as  we  have  seen,  cannot  be 
estaUi&ed  directly  by  experiment,  they  are  so  comiected- 
togeiher  that  any  experimental  proof  of  one  presupposes  the 
troth  of  the  other;  their  complete  confirmation  must  ther^ 
fore  be  considered  as  derived  from  the  accordance  of  results, 
calculated  on  the  supposition  of  their  truth,  with  observed 
facts  ;  but  this  third  law  may  be  established  by  direct  experi- 
ment. For  the  details  of  these  experiments  we  must  refer 
to  Mr.  Whewell's  Treatises  on  Mechanics,  to  which  we  are 
indebted  for  nearly  every  thing  which  is  here  stated  respect- 
ing these  laws.  We  shall  now  endeavour  to  shew  its 
iBeamng  and  applications. 

A  given  pressure  will  produce  less  velocity  in  a  large  than 
in  a  small  pOTtion  of  matter,  that  is,  the  greater  the  quantity 
of  matter  the  less  e£Rsct  does  a  given  pressure  produce.   This 
eflfect  of  the  quantity  of  matter  in  dkninishing  the  velocity 
impressed  upon  any  substance  is  termed  the  inertia  of  the 
body.     Since  the  velocity  produced  in  a  body  is  less  as  the 
inertia  is  greater,  the  inertia  is  sometimes  spoken  of  as  a  r&< 
Butance  to  motion  impressed  upon  the  body ;  now  the  efieot 
of  inertia  is  not  to  prevent  but  only  to  diminish  the  motion 
impressed.   Thus,  if  a  small  weight  be  suspended  by  a  string 
we  can,  by  a  small  push,  give  it  a  considerable  velocity;  but 
if  a  larger  weight,  that  is,  a  greater  quantity  of  the  same 
matter,  as,  for  instance,  a  large  block  of  stone,  be  suspend- 
ed by  a  )xipe,  the  same  push  would  scarcely  produce  a  per- 
ceptible motion,  though  the  friction  would  be  altogether  in- 
considerable.    But  though,  in  such  a  case,  a  very  small 
motion  would  be  produced,  there  would  be  really  some 
motion,  however  small  were  the  force,  and  however  large 
the  mass  to  be  moved,  if  the  motion  were  not  resisted  by 
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something  besides  the  mere  inertia  of  the  body,  as,  for  in- 
stance, Miction  on  a  fixed  obstacle.  This  is  sometimes 
illustrated  by  saying  that  a  person  walking  or  leaping  on 
the  earth*s  surface  moves  the  whole  globe  of  the  earth  by 
the  pressure  of  his  feet.  And  this  is  mathematically  true^ 
but  the  velocity  of  the  earth  is  as  much  less  than  that  of 
the  person  upon  it  as  its  weight  is  greater ;  so  that  so  far 
as  the  world  of  sense  is  concerned,  it  is  the  same  as  if  it  did 
not  exist.  A  very  large  quantity  of  matter  may,  however^ 
be  put  in  motion  by  a  very  small  force^  practically  as  well 
as  theoretically,  by  continued  or  repeated  action.  Thus  a 
large  weight  suspended  by  a  string  may  be  put  into  per- 
ceptible motion  by  the  breath,  if  we  blow  at  intervals 
answering  to  the  oscillations  of  the  string,  so  that  the  small 
impulses  may  al]  assist  and  not  counteract  each  other. 

But  when  the  quantity  of  matter  is  the  same,  the  effect 
produced,  or  the  motion  communicated^  will  depend  on  the 
magnitude  of  the  force.  Thus  if  we  blow  violently  against 
a  small  body  suspended  by  a  string  we  may  communicate  a 
considerable  velocity  to  it,  anA  the  velocity  produced  will 
depend  on  the  force  with  which  we  blow.  When  a  ball  is 
impelled  by  the  explosion  of  gunpowder,  the  force  here 
exerted  is  a  pressure,  and  the  velocity  produced  will  be  pro- 
portioned to  the  force. 

33.  Momentum. — It  appears  then  from  the  last  article 
that  in  estimating  the  quantity  of  motion  we  must  consider 
both  the  velocity  and  the  quantity  of  matter  in  which  this 
velocity  is  produced.  Any  force  having  put  a  body  in 
motion  and  produced  its  full  effect,  remains,  as  it  were, 
enclosed  in  the  body,  and  the  joint  product  of  the  velocity 
and  of  the  quantity  of  matter  represents  the  result;  this 
joint  product  is  termed  the  momentum  of  the  body.  Thus 
a  cannon  ball  of  one  hundred  ounces,  moving  one  foot  per 
second,  has  the  same  momentum,  or  the  same  quantity  of 
motion^  as  a  musket  ball  of  one  ounce  moving  with  a 
velocity  of  one  hundred  feet  per  second.  On  these  principles 
we  may  compare  the  effects  of  a  battering  ram  and  of  a 
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cannon  ball  in  shaking  a  wall ;  in  the  one  case  we  have  a 
krge  mass  moving  with  a  small  velocity,  in  the  other  we 
have  a  small  mass  moving  with  a  large  velocity^  and  if  the 
prodact  of  these  is  the  same,  the  force  exerted  on  the  wall 
will  be  the  same  also. 

From  the  preceding  principles  it  follows^  that  if  a  person 
m  a  boat  pull  at  a  rope,  the  other  end  of  which  is  fastened 
to  a  ship,  both  floating  freely,  the  boat  will  move  towards 
the  ship  and  the  ship  towards  the  boat,  and  the  velocity 
of  the  boat  will  be  as  mudi  greater  as  its  quantity  of  matter 
is  less;  so  that  the  momenta  of  the  two  in  opposite  direc- 
tions will  be  equaL  Also  when  two  bodies  attract  each 
other,  they  will  move  towards  each  other  unless  prevented. 
For  this  attraction  may  be  considered  as  an  invisible  cord 
by  which  they  pull  at  each  other.  Thus  if  a  magnet  and 
a  piece  of  iron  be  placed  on  two  pieces  of  cork  and  set  to 
float  on  water,  they  will  approach  each  other,  the  smaller 
mass  moving  proportionally  quicker. 

It  follows  also  that  the  motion  which  exists  now  in  the 
world  is  precisely  the  same  as  that  which  existed  at  the  crea- 
tion, and  will  continue  to  exist  so  long  as  the  present  laws 
of  motion  prevail;  the  term  motion  being  confined  to  mean 
momentum  in  a  given  direction ;  for  any  amount  of  relative 
motion  may  have  been  extinguished^  Thus  every  new 
motion  communicated  to  a  rock,  or  a  torrent  in  an  easterly 
direction,  must  be  subtracted  from  the  easterly  motion  of 
the  earth;  but  when  the  rock  is  stopped  by  contact  with 
die  earth  it  loses  some  of  its  own  momentum,  but  it  com- 
municates to  the  earth  exactly  the  same  quantity  in  the 
same  direction.*  We  shall  see  another  striking  illustration 
of  these  principles  in  the  compensation  currents  of  the  trade 
winds. 

M,  Momentum  proportional  to  the  Pressure  and  Time. — 
The  effect  of  a  pressure  in  generating  motion  in  a  given 
mass  will  evidently  be  greater  the  longer  it  continues  to 

*  Whe well's  Fvrtt  Principles  of  Mechanics,  p.  110. 
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act,  and  it  will  be  found  that  the  momentum  produced  in 
anj  time  is  proportional  to  the  product  of  the  pressure  and 
the  time.    Hence  we  may  understand  the  enormous  effects 
which  are  sometimes  produced   by  a  small  force  acting 
continuously ;  as,  for  instance,  when  a  small  steam  engine 
sets  in  motion  a  very  large  fly-wheel«     This  wheel  acts  as 
a  reservoir  of  all  the  small  pressures  which  have  been  com- 
municated to  it,  and  having  thus  concentrated  them  can 
apply  them  all  together  and  at  once,  when  some  great 
effect  is  to  be  produced;  of  this  we  have  ^e  following 
instance  stated  by  Professor  Babbage,  in  his.  Economy  of 
Manufactures:*  '  In  some  of  the  iron  works,  where  the 
power  of  the  steam  engine  is  a  little  too  small  for  the 
rollers  which  it  drives,  it  is  usual  to  set  the  engine  at  work 
a  short  time  before  the  red  hot  iron  is  ready  to  be  removed 
from  the  furnace  to  the  rollers,  and  to  allow  it  to  work 
with  a  great  rapidity,  until  the  fly-wheel  has  acquired  a 
velocity  rather  alarming  to  those  unused  to  such  establish- 
ments.   On  passing  the  softened  mass  of  iron  througli  the 
first  groove  the  engine  receives  a  great  and  very  percep- 
tible check;  and  its  speed  is  diminished  at  the  next  and 
at  each  succeeding  passage,  until  the  iron  bar  is  reduced 
to  such  a  size  that  the  ordinary  power  of  the  engine  is 
sujCdent  to  roll  it.' 

35*  Forces  require  Time. — We  have  seen  that  a  small 
pressure  acting  for  a  long  time  may  generate  a  great 
momentum;  it  appears  also  that  a  great  ^momentum  re- 
quires time  to  produce  its  effects.  This  is  shewn  by  the 
experiment  of  firing  a  bullet  through  a  sheet  of  paper 
hung  loosely.  Though  the  paper  is  so  light,  the  great 
momentum  of  the  bullet  scarcely  gives  it  any  perceptible 
motion;  the  force  of  the  bullet  has  not  time  to  act  on  the 
paper-  For  the  same  reason  a  cannon  ball  may  be  fired 
through  a  door  which  swings  easily  on  its  hinges  without 
moving  it,  and  a  bullet  will  pass  through  a  pane  of  glass 

•  Art,  20. 
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making  a  hole  of  its  own  size ;  in  these  cases  the  particles 
aie  carried  away  without  having  time  to  communicate  their 
motion  to  the  surrounding  ones.  Analagous  to  this  is  the 
hct,  that  a  person  may  skate  over  ice  which  would  not 
support  his  weight  if  he  attempted  to  walk  over  it.  Time 
is  required  for  producing  a  fracture^  and  the  velocity  heing 
eoAsiderable,  the  skater  has  passed  from  the  spot  before 
die  bending  has  reached  the  point  at  which  the  ice  will 
break. 

36.  Impact  and  Collision. — When  a  body  in  motion 
meets  another  body  either  at  rest  or  in  motion^  the  effect 
ptodnced  depends  on  the  elasticity,  on  the  duration  of  the 
contact^  and  on  the  relation  which  the  masses  of  the  body 
bear  to  each  other.     The  action  which  takes  place  is  of  the 
lurftire  of  pressure^  and  consequently  subject  to  the  preced- 
ing laws  of  motion.     Th^  only  distinction  which  is  to  be 
made  between  impact  and  pressure  is^  that  impact  is  a  pres- 
sore  of  very  short  duration.     This  will  be  apparent  on 
omsidering  what  takes  place  when  two  bodies  impinge.     If 
an  ivory  ImU  in  motion  strike  another  at  rest,  they  appear 
to  separate  as  soon  as  they  touchy  but  we  know  that  there 
has  been  a  change  of  form^  each  ball  has  been  compressed^ 
and  this  change  must  have  occupied  time,  however  appa- 
lently   small.    But  were  it  not  for  the  rapidity  of  the 
diange  we  should  see  that  the  communication  of  motion  is 
alwiys  gradual,  and  that  the  ball  which  is  at  rest  is  put 
mto  motion  by  insensible  degrees  of  velocity.     It  is  im- 
portant to  remember  that  time  is  necessary  for  the  destruc- 
tion of  momentum,  or  rather  of  velocity,  and  the  less  the  time 
which  is  employed  the  greater  must  be  the  effort  exerted ; 
we  have  already  seen  several  instances  of  the  effect  which 
time  has  in  the  production  of  a  great  momentum,  and  it 
most  have  a  corresponding  effect  in  the  destruction  of  mo- 
mentam  already  generated.     That  the  change  of  figure 
just  i^ken  of  does  actually  take  place  in  impact  may  be 
made  evident  by  the  simplest  experiments.    Let  two  elastic 
bodies,  as,  for  instance,  two  ivory  balls,  be  covered  with  two 

p2 
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dii&rently  coloured  substances,  and  made  to  impinge  gd  each 
other,  then  the  parts  which  are  farou^t  into  omtact  by  the 
impact  will  be  stained^  and  a  spot  will  be  produced  on  eadi 
of  finite  magnitude.  This  spot  could  not  be  prodnced  if 
the  balls  retained  their  ^bular  shape ;  and  the  spots  are 
larger  as  the  force  of  impact  is  greater.  Thus  the  destruc- 
tion and  the  communication  of  velocity  is  in  all  cases  gra- 
dual; and  the  time  employed  will  depend  most  materially 
on  the  nature  of  the  substance. 

We  may  then  consider  impact  as  a  pressure  of  short 
duration  ;  increasing  from  nothing  to  a  finite  magnitude* 
and  then  decreasing  again  to  nothing :  hence  the  third  law 
of  motion  is  true  in  cases  of  impact ;  consequently  exp^- 
ments  made  on  the  collision  of  bodies  may  be  empl(qred 
to  establish  the  third  law,  as  was  done  by  Wren  and 
Newton. 

37.  Sudden  destrucikm  ofVelocky* — The  dFects  pro- 
duced by  impact  as  compared  with  those  produced  by  pres- 
sure appear  so  enormous,  that  they  have  sometimes  been 
referred  to  different  principles.     But  the  whole  diffioilty 
vanishes  when  the  element  time  is  properly  taken  into  the 
account.     In  impact  there  is  a  destruction  of  velocity,  and 
the  effect  produced  depends  most  materially  on  the  time 
employed  in  its  destruction.    This  may  be  illustrated  hj 
the  familiar  example  of  driving  a  nail.    If  the  nail  be 
struck  by  a  soft  body  it  can  never  be  driven  into  any  ob- 
stade,  whereas  a  very  slight  blow  vdth  a  hard  substance 
will  fix  it  at  once.  The  difference  of  these  effects  arises  frrnxk 
the  fact  that  the  soft  body  being  a  yielding  substance  its 
velocity  is  bdng  destroyed  gradually  during  the  yielding  of 
the  body,  but  the  velocity  of  the  hard  body  is  destroyed  in 
much  less  time  since  there  is  very  small  yielding  of  parts. 
Thus  it  may  be  laid  down  that  the  force  requisite  for  the 
destruction  of  any  velocity  is  greater,  as  the  time  occupied 
in  its  destruction  is  less;  and  it  is  this  force  which  in  the 
above  instances  drives  in  the  nail.     It  appears  then  that  the 
hardness  of  the  surfiuses  between  which  the  impact  takes 
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place  lias  a  most  material  influence  on  the  effect  produced. 
When  the  surfaces  are  verj  hard  there  is  scarce  any  yield- 
ing, tiie  velocity  must  consequently  be  destroyed  in  a  very 
fmall  time«  Thus  the  hardness  of  the  sur£eu3es  must  be 
considered  as  the  real  cause  of  the  efllcacy  of  impact;  and 
it  is  so  because  of  the  almost  instantaneous  destruction  of 
velocity  which  takes  place  when  the  surfaces  are  hard. 
Again,  if  we  attempt  to  drive  a  nail  into  a  yielding  boards 
the  same  principle  is  illustrated  in  the  small  prc^ess 
which  is  made ;  the  yielding  takes  considerable  time,  hence 
the  velocity  which  was  suddenly  destroyed  in  the  hammer 
is  destroyed  gradually  at  the  board,  so  that  the  effect  pro- 
duced towards  making  the  nail  enter  is  exceedingly  small. 
The  preceding  remarks  will  fully  explain  the  surprising 
effects  produced  by  a  constant  small  impact,  when  the 
striking  surfaces  are  very  hard^  and  when  the  parts  are 
unyielding.  The  preceding  explains  also  the  great  ad- 
vantage with  which  impact  may  be  used  to  overcome 
friction.  The  unyielding  nature  of  the  surfaces  is  the 
very  circumstance  which  gives  efficacy  to  the  impact* 
Hence  we  see  that  wedges  may  be  driven  by  impact  which 
would  scarce  be  pushed  in  by  any  conceivable  pressure. 

On  the  preceding  principles  we  may  explain  the  neces- 
sity of  ^rings  for  carriages  which  are  to  travel  at  any  rate. 
A  carriage  going  along  at  the  rate  of  ten  miles  an  hour 
meets  with  an  obstacle;  if  now  the  carriage  is  perfectly 
titiff,  so  that  its  whole  weight  has  to  be  raised  suddenly  over 
this  obstacle^  the  shock  produced  on  the  road  and  wheel 
by  the  sudden  change  in  the  direction  of  the  motion  is 
very  great  indeed;  but  when  the  mass  of  the  load  is  sus- 
tained on  springs,  the  only  force  exerted  is  that  which  will 
raise  the  wheels  and  bend  the  springs.  If  roads  and 
wheels  were  perfectly  smooth  there  would  be  no  need  of 
springs;  but  this  being  impossible  they  are  as  necessary  for 
Uie  preservation  of  the  road  as  for  the  comfort  of  the  pas- 
sengers. For  the  shock  produced  by  the  rapid  conversion 
of  the  direction  of  the  motion  of  a  mass  of  matter  from  a 


.56  ELEMENTS  OP    PHYSICS.  CHAP.  IV. 

horizontal  to  a  Tertical  direction^  is  felt  equally  by  the  road 
and  the  carriages.  These  principles  are  of  the  greatest  prac- 
tical importance  in  railroads,  where  the  velocity  is  great, 
and  the  surfaces  are  hard ;  and  notwithstanding  the  degree 
of  smoothness  of  the  surfaces  and  the  excellent  springs  with 
which  all  the  carriages  are  furnished,  the  breakage  of  the 
rails  and  axle-trees  from  the  above-mentioned  cause  is  very 
great. 
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CHAP.  V. 

©N    GRAVITY. 
Section  I. 

CEKERAL    EFFECTS   OF    GEAVITY LAWS    OF    FALLING    BODIES LAWS 

AT   SURFACE   OF   THE   EARTB  •— CENTRE   OF    ORAVZET  —  STABLE   EQUI- 
LIBRIUM. 

38,  All  bodies  with  which  we  are  acquainted  when  left 
to  themselves  fiedl  until  they  touch  the  earth,  or  some  other 
body  which  can  sustain  them.    This  jdienomenon,  which 
takes  place  at  the  surface  of  the  earth,  at  aU  known  heights 
above,  and  depths  below  the  surface,  must  be  the  conse- 
quence of  some  force  residing  somewhere.     The  natural 
inertness  of  matter^  or  its  passive  continuance  in  the  state  in 
which  it  exists,  compels  us  to  admit  the  existence  of  some 
force,  and  that  peculiar  force  which  produces  these  effects 
is  termed  gravity.     Thus,  gravity  is  the  force  which  makes 
bodies  fall  to  the  earth ;  but  this  definition  will  convey  to 
us  a  most  inadequate  idea  of  the  power  of  this  agent  if  we 
suppose  it  produces  no  other  effects.     It  is  to  this  that  we 
owe  many  other  phenomena  and  many  other  motions,  to 
which  different  names  have  been  applied.  Thus,  for  example, 
the  flowing  of  rivers,  the  ascent  of  light  bodies  in  fluids, 
with  many  apparently  contradictory  phenomena,  are  but  the 
effiscts  oi  that  same  energy  which  we  have  called  gravity. 
Ve  may  have  some  further  idea  of  the  way  in  which  this 
force  acts,  by  conceiving  that  all  matter  pocisesses  the  pro- 
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perty  of  attracting  all  other  matter ;  we  have  seen  in- 
stances of  this  attraction  exerted  at  insensible  distances,  but 
the  attraction  of  gravitation  acts  at  all  sensible  distances, 
however  great. 

39.  Weight, — The  first  and  principal  effect  of  gravity  is 
the  pressure  directed  towards  the  earth  which  every  body 
exerts  upon  those  which  are  placed  beneath  it;  this  pres- 
sure is  usually  termed  weight ;  if  my  hand  supports  a  stone, 
the  pressure  which  the  stone  exerts  upon  my  hand  is 
termed  the  weight  of  the  stone ;  hence  it  is  asserted^  that 
all  bodies  are  heavy^  for  all  fall  to  the  earth  when  left 
perfectly  to  themselves.  This  weight  is  the  result  of  the 
mutual  attraction  of  the  earth  and  the  stone;  the  earth 
attracts  the  stone,  and  the  stone  attracts  the  earth;  each 
moves  towards  the  other  (Art.  33) :  but,  inasmuch  as  the 
motion  of  each  is  the  less  the  greater  the  mass,  we  easily 
see  that  the  motion  of  the  earth  to  meet  the  stone,  or  any 
body  which  can  be  raised  above  its  surface,  is  so  inde- 
scribably small,  that  the  motion  of  the  stone  on]y  need 
occupy  our  attention.  Hence,  we  never  speak  of  the  effect 
of  the  attraction  of  the  stone  upon  the  earth,  but  simply  of 
the  attraction  of  the  earth  upon  the  stone :  but  that  we 
may  have  accurate  conceptions  on  this  point  we  must  re- 
member, that  the  weight  of  any  body  is  really  the  effect  of 
the  attraction  of  the  earth  upon  the  body,  increased  by  the 
effect  of  the  attraction  of  the  body  upon  the  earth.  Hence 
it  follows,  that  the  weight  of  a  body  is  proportional  to  its 
mass ;  for  the  more  particles  there  are  in  a  given  bulk,  the 
greater  must  be  this  mutual  attraction,  that  is,  the  weight 
of  the  body. 

40.  Direction  of  Gravity. — All  bodies  left  to  themselves 
fall  to  the  surface  of  the  earth,  where  all  further  progress 
is  arrested,  and  the  direction  in  which  they  fall,  or  in  which 
gravity  acts,  may  be  observed  by  setting  up  straight  rods, 
and  watching  when  a  body  falls  accurately  along  them. 
But  this  direction  may  be  more  readily  ascertained  by  a 
plumb-line,  that  is,  by  any  line  hung  up  by  one  end,  and 
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sustaining  a  small  weight;  this  weight  will  stretch  the 
line  in  the  direction  in  which  gravity  acts ;  hence  this  line 
gives  the  direction  of  gravity.  This  direction  is  always  the 
same  at  the  same  place^  being  invariably  perpendicular  to 
the  surface  of  still  water;  and  for  all  places  near  each 
odier  the  directions  are  sensibly  parallel,  for  a  small  extent 
of  the  surface  of  still  water  may  be  considered  as  a  plane, 
and  consequently  the  perpendiculars  to  it  will  be  all  pa- 
rallel. But  at  places  at  a  considerable  distance  from  each 
other,  as  at  London  and  Paris,  the  directions  of  gravity  are 
inclined  to  each  other.  For  the  surface  of  still  water  at 
these  places  being  portions  of  parallel  spherical  surfaces,  or 
Tery  nearly  so,  the  perpendiculars  to  these  surfaces  at  those 
places  would^  if  produced,  meet  near  the  centre  of  the 
earth ;  and  at  places  more  distant  still,  as,  for  instance,  at 
Paris  and  the  Cape  of  Good  Hope,  the  directions  of  gravity 
will  be  nearly  at  right  angles  to  each  other,  and  at  our 
antipodes  the  directions  are  on  the  same  line,  but  opposite 
to  each  other,  both  being  towards  the  centre.  It  is  gene- 
rally said  that  the  directioQ  of  gravity  is  perpendicular  to 
the  surface  of  the  earth ;  now  by  this  we  do  not  mean  the 
actual  surface,  such  as  it  generally  exists  with  its  numerous 
inequalities,  but  an  ideal  surface,  such  as  the  earth  would 
present  were  it  uniformly  curved  like  a  large  tract  of  still 
water,  or  a  calm  sea. 

41.  Falling  Bodies.  —  In  observing  falling  bodies  the 
first  thing  which  strikes  us  is  the  different  rates  of  their 
descent.  A  piece  of  lead,  or  any  other  metal,  falls  very 
lapidly,  the  leaf  of  a  tree  falls  very  slowly;  this  cannot 
arise  from  the  difference  of  the  weight  of  two  sub- 
stances, for  since  the  greater  weight  implies  a  greater 
Qumber  of  particles,  and  gravity  acts  equally  on  all  par- 
tides,  there  ought  to  be  no  difference  in  the  descent  of 
the  two  bodies.  But  the  real  cause  of  this  apparent  dif- 
ference is  the  resistance  of  the  air,  which  acts  much  more 
effectively  on  the.  extended  surface  of  the  leaf  than  on  a 
mailer  and  heavier  substance ;  and  that  this  is  the  true 
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explanation  the  well-known   guinea  and  feather  e^qieri^ 
ment  renders  evident ;  for  in  this  experiment  a  guinea  and 
a  feather  reach  the  bottom  of  an  exhausted  roceiver  at  the 
same  instant.     Having   shewn  then  that  all  bodies  £JI 
wilii  the  same  velocity,  we  must  proceed  to  inquire  what 
is  this  one  velocity,  or  law,  according  to  which  the  descent 
of  every  species  of  matter  takes  place ;  or,  in  other  woids^ 
what  relation  subsists  between  the  space  which  a  heavy 
body  passes  over,  and  the  time  which  it  employs  in  passing 
over  it.     This  relation  is  the  law  of  the  motion  which 
gravity    impresses    on    matter.      The    readiest    apparent 
method  of  solving  this  question  is  to  procure  a  long  glniw 
tnbe,  exhaust  the  air,  and  allowing  a  body  to  fall  from  the 
top,  to  mark  the  point  which  it  passes,  after  one  second, 
two  seconds^  and  so  on.     But  we  should  observe  here^  as 
we  may  observe  in  the  descent  of  bodies  in  the  air,  that  at 
the  commencement  of  their  fall  they  move  slowly,  but 
thdr  velocity  augments  so  rapidly,  that  in  a  few  seconds  it 
is  impossiUe  to  note,  at  all  accurately,  the  point  which 
the  body  passes  at  a  given  instant.     A  fall  so  accelerated 
precludes  all  direct  observation,  and  recourse  must  be  had 
to  indirect  methods,  either  to  the  inclined  plane  of  Galileo, 
or  to  the  machine*  of  Atwood  (Art.  43) .     We  cannot, 
however,  establish  a  law  by  direct  experiment,  since  the 
errors  of  observation  can  never  be  altogether  prevented, 
but  we  can  verify  an  assumed  law,  and  this  is  precisely 
what  is  done  in  treating  of  gravity.    It  is  proved  by  obser- 
vation that  gravity,  satisfies  the  defined  laws  of  a  uniformly 
accelerated  motion,  as  we  shall  proceed  to  shew. 

42.  Uniformly  €u:celeraied  Motion* — ^We  have  just  seen 
that  the  velocity  of  a  falling  body  increases  rapidly  daring 
its  descent.  Now  the  motion  of  a  body  is  said  to  be  uni* 
formly  accelerated  when  the  velocity  added  is  equal  for 
equal  times;  that  is,  the  body  must  receive  the  same  ad- 
dition of  velocity  in  the  4***  or  5^  second  as  it  receives  in 
the  2"^  or  3^ ;  when  this  is  the  case,  the  body  is  said  to  be 
acted  on  by  .a  uniform  acceleratbg  force.    We  must  con- 
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dder  in  all  cases  of  accelerated  motion,  that  were  the 
action  of  the  force  to  cease  at  any  instant,  the  hody  would 
go  on  moving,  according  to  the  first  law  of  motion,  with  the 
velocity  which  it  then  had ;  but,  that  as  this  force  does 
not  cease  at  any  instant,  velocity  is  added  continuously  to 
that  already  existing;  the  velocity  added  in  any  time 
being  measured  (Art.  26)  by  the  space  which  would  be 
passed  over  by  the  body,  moving  with  that  velodty,  in 
the  given  time. 

Uniformly  accelerating  force  is  measured  by  the  velocity 
added  in  a  given  time,  as,  for  instance,  one  second.  Thus> 
if  it  should  appear  from  observation  that  the  velocity  of  a 
fidling  body  receives  the  same  addition  every  second^ 
then  will  the  force  of  gravity  be  an  uniformly  accelerating 
force^  and  will  be  measured  by  this  quantity. 

From  these  principles  there  will  result  the  following 
laws: — l*'.  'The  velocity  generated  in  any  time  by  an 
uniformly  accelerating  force  is  proportional  to  the  time*' 
2®.  '  The  space  described  from  the  beginning  of  the  motion 
is  as  the  square  of  the  time.'  3°.  *  The  space  described 
by  a  body  uniformly  accelerated  from  rest,  is  half  the 
space  described  in  the  same  time  with  the  last  velocity; 
or,  in  other  words,  the  velocity  generated  in  one  second 
will  in  the  next  second  carry  the  body  over  double  the 
space  described  in  the  first.' 

The  preceding  are  the  laws  of  uniformly  accelerated 
motion,  and  it  remains  to  shew  that  the  motion  produced 
by  gravity  is  subject  to  these  laws ;  whence  we  may  con- 
dude  that  gravity  is  an  imiformly  accelerating  force.* 

43.  Aiwood^M  Machine. — The  velocity  produced  by  the 
undiminished  force  of  gravity  being  much  too  great  to  be 
conveniently   subjected  to  experimental  examination^  it 

*  The  exact  laws  expressing  the  relation  betwixt  the  velocity,  space, 
time,  and  force,,  are  v  =:ft,  and  <  =  j^/ 1^.  In  these  equations/  is  the 
loceleratiiig  force,  that  is,  the  velocity  added  or  generated  in  each  second, 
ud  9  the  whole  velocity  generated  in  t  seconds ;  also  s  is  the  space 
Heicribcd  in 'the  same  tune. — See  Whewell's  Elemmtary  Mechanics, 
Art.  161_164. 


62  SLBMENT8  OF   PHYSIOS.  CHAP.  V. 

occurred  to  Atwoocl  that  all  the  phenomena  of  falling 
bodies  might  be  experimentally  exhibited  and  accurately 
observed^  if  a  force  of  the  same  kind  as  gravity^  but  of 
much  less  intensity,  were  used ;  so  that  the  motion  would 
still  be  governed  by  the  same  law  of  gravity^  while  the  in- 
tensity of  the  agent  being  diminished,  and  consequently 
the  quantity  of  motion^  the  velocity  mighty  even  after 
several  seconds^  not  have  become  too  rapid  to  admit  of 
accurate  measurement.  With  this  view  Atwood  suq)end- 
ed  two  equal  weights^  one  at  each  end  of  a  string,  passing 
over  a  wheel,  turning  very  easily  on  its 
axle.    The  equal  weights  are  represented       f  ■      ■    i> 


2 


n 
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at  A  and  b,  and  the  wheel  at  c.  These 
weights  balance  each  other  perfectly,  and 
no  motion  can  take  place.  To  one  of  the 
weights,  as  to  B,  a  slight  addition  is  made  ; 
this  was  generally  done  by  placing  a  small 
bar  upon  b;  the  bar  is  represented  at  o, 
and  is  too  long  to  pass  the  ring  f.  This 
ring  can  be  attached  to  any  part  o£  the  ^  ^ 
graduated  scale  Represented  on  d  b.  Sup- 
pose that  B  is  exactly  opposite  the  sero  of 
the  scale,  and  that  the  additional  bar  is 
laid  upon  it.  The  loaded  weight  will  begin  to  descend, 
drawing  up  the  unloaded  weight  a.  The  descent  of  the 
loaded  weight  is  a  motion  of  exactly  the  same  kind,  as  of 
a  heary  body  falling  freely;  hence  the  laws  of  its  motion 
will  be  the  same ;  *the  absolute  amount  of  velocity  will  be 
very  different  in  the  two  cases,  but  the  rate  of  its  in- 
crease will  be  the  same,  and  this  is  what  we  wish  to 
discover. 

:  Let  us  see  now  whether  the  result  obtained  will  accord 
with  the  laws  of  the  preceding  articles.  For  this  pur- 
pose, let  the  body  b,  being  loaded,  begin  to  descend -ftom 
opposite  the  sero  division  of  the  scale,  and  let  it  pas^  l^ 
the  first  division  in  one  second ;  then,  according  to  the 
law  ihtt  the  space  is  proportional  to  the  square  of  the 
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time;  it  ought  after  two  seconds  to  be  opposite  division  4^ 
after  three  seconds  to  be  opposite  division  9,  and  so  on ; 
and  the  experiments  with  this  machine  shew  that  this  is 
the  case.  We  will  now  examine  what  will  take  place 
when  the  additional  wei^t  o  acta  only  for  a  short  time> 
Let  the  ring  f  be  placed  at  division  one  of  the  scale,  then 
the  weight  o  will  be  taken  off  at  the  end  of  the  first 
socoody  joid  B  will  continue  to  descend  with  its  acquired 
velocitj.  According  to  law  3>^  (Art.  42) » it  ought  to  pass  by 
two  divisions  in  the  next  and  every  subsequent  second; 
and  this  is  found  to  be  the  case;  after  2"  it  will  be  opposite 
division  3,  after  3*  opposite  5,  and  so  on. 

The  same  results  may  be  obtained  by  making  bodies  de- 
scend down  inclined  planes  of  different  heights  and  lengths. 
It  was  assumed  by  Ghdileo,  and  may  be  shewn  to  be  true, 
for  the  descent  of  bodies  down  inclined  planes,  'that  the 
velocity  acquired  down  all  planes,  whose  perpendicular 
heights  are  equal,  is  the  same ;  and  equal  to  the  velocity 
acquired  by  falling  down  the  perpendicular  height.'  The 
dme  of  descent  down  an  inclined  plane  varies  with  its 
length,  hence  the  motions  may  be  made  as  slow  as  we 
please,  and  the  preceding  laws  of  accelerated  motion  may 
be  verified  in  the  case  of  gravity. 

From  these,  and  other  far  more  accurate  experiments, 
which  the  pendulum  will  give  us,  it  appears  that  the  laws 
of  accelerated  motion,  by  gravity,  satisfy  those  of  uniformly 
accelerated  motion ;  hence  we  may  conclude,  that  gravity 
at  the  earth's  surfiu^  is  an  uniformly  accelerating  force. 

44»  Law  qf  Gravity  at  the  Earth*  s  sur/ace^^-'Ytom  the 
experiments  detailed  in  the  preceding  article  it  appears  that 
gravity  at  the  earth's  surface  is  an  uniform  force ;  and  this 
eondiision  was  arrived  at  by  shewing  that  gravity  is  in 
its  nature  such  as  satisfies  the  definitions  of  that  kind  of 
fince.  But  it  must  be  observed,  that  nothing  has  hitherto 
beeft  determined  respecting  the  intensity  of  this  force;  the 
experiments  with  Atwood's  madiine  shew  the  rate  by  which 
a  given  quantity  increases,  bat  not  the  amount  of  that 
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given  quantity;  this  must  evidently  be  determined  by  ob- 
serving the  free  motion  of  a  falling  body^  when  idl  retard- 
ing causes^  as  the  resistance  of  the  air,  are  removed  <»: 
allowed  for.  The  only  accurate  observations  which  can  be 
made  for  ascertaining  this  point  are  made  with  pendulnms, 
as  we  shall  shew  hereafter.  By  the  latest  experiments  it 
appears  that  a  body  at  the  surface  of  the  earth  would  fail 
in  vacuo  through  16^  feet  in  one  second;  this  then  is  the 
intensity  of  gravity.  But  the  velocity  generated  in  eae 
second  would  in  the  next  second  carry  the  body  over  twiee 
the  space ;  and  the  space  described  in  the  first  second  mea- 
sures the  velocity  generated  by  the  accelerating  force  of 
gravity.  The  accelerating  force  of  gravity  is  therefore  said 
to  be  32^  feet. 

45.  Path  of  a  Projectile. — The  course  in  which  a  ball 
or  stone  thrown  by  the  hand  moves^  is  at  once  an  illustra- 
tion of  the  laws  of  motion  and  of  gravity.  Did  gravity  not 
act,  the  ball  thrown  in  a  particular  direction  would  con- 
tinue to  move  in  that  direction  until  its  motion  was  de- 
stroyed by  the  continued  resistance  of  the  air.  But  gra- 
vity constantly  acting  upon  it,  deflects  it  from  its  recti- 
linear path^  which  it  bends  into  a  curve,  whose  particular 
£[>rm  may  be  at  onpe  determined  by  the  simplest  theo-* 
retical  considerations.  This  curve  is  a  portion  of  a  para- 
bola^ with  its  vertex  at  the  highest  point  to  which  the 
body  is  carried  by  the  force  of  projection.  If  the  body  be 
projected  vertically  upwards,  it  descends  in  precisely  the 
same  direction^  and  acceding  to  the  same  laws  as  during 
its  ascent;  for  the  destruction  of  the  velocity  of  its  up- 
ward motion  arises  from  the  continued  action  of  gravity^ 
and  this  force  will  generate  again  precisely  the  same 
velocity  during  the  descent.  But  if  it  be  projected 
in  any  other  direction  than  the  vertical,  it  will  describe  a 
curvilinear  path^  which  will  be  a  portion  of  a  parabola. 
The  deviation  of  the  body  from  this  exact  theoretical  path, 
owing  to  the  resistance  of  the  air,  is  small  for  small  veloci- 
ties; but  in  rapid  motions,  as  in  those  of  a  cannon  or 
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™i*f^i^  faall^  the  [deviatknis  are  vearj  gceat*  Henoe^  the 
ilutmj  ef  giumerj  leqiuiet  many  ooosideratioiiB  which  we 
cannot  now  dweU  upon.  If  a  cannon  or  musket  ball  be 
•hot  hcrisontallj  along  the  plain,  it  will,  according  to  the 
aeeood  law  of  motioaa,  reach  the  ground  at  fnedael y  the 
ame  *— *»»^  as  n  ball  dropped  from  the  mouth  oi  the  piece 
at  the  instant  of  its  discharge.  Thus,  we  may  finm  some 
ideaof  die  immense  speed  of  a  cannon  ball,  that  it  will  trayel 
several  hnndred  feet  while  a  ball  dropped  from  the  hand 
sf  ft  bystawder  frdls  fear  or  five  feet  to  the  giound.  From 
the  pteceiling  we  see,  that  for  long  distances  the  muxsle 
sf  ft  gon  mnst  be  devated  considerably  above  the  level  a( 
the  point  which  is  to  be  hit ;  some  allowance  is  made  for 
this  in  the  construction  of  rifles,  and  we  know  that  these 
are  frmnsihed  with  two  or  three  sights,  to  be  used  for  dif- 
fierant  dirtanoea.  The  use  of  these  has  the  eflfect  of  raising 
or  lowering  tiie  Ixeech  of  the  piece,  so  that  the  ball  has 
that  deration  given  to  it  which  the  distance  of  the  object 
aimed  nt  xeqnires. 

If  ft  ^»^iiwm  ball  be  fired  from  the  top  of  a  high  moun> 
taifty  die  '*i«»«~^  to  which  it  will  go,  before  reaching  the 
earthy  depends  on  the  foroe  of  projectian,  and  on  the  hei^t 
of  the  moontain.  It  is  then  easy  to  concdve  a  velocity, 
•Qcii  diflt  the  ball  may  go  many  thousand  miles  befiore 
Tff^^mtg  the  earth;  nay,  such  that  it  will  go  quite  round 
Ae  eaiih  without  reaching  the  surface.  In  such  a  mo» 
tion*  tlie  tendency  to  persevere  in  its  rectilinear  course 
is  eonictly  V^*"^**^  by  the  force  of  gravity,  and  were  not  the 
motkm  destroyed  by  the  resistance  of  the  air,  the  ball  would 
go  OB  revolving  for  ever.  Suppose  that  a  body  is  so  pro- 
jeeted«  with  the  proper  velocity,  beyond  the  limits  of  the 
atmoqphere,  where  there  is  no  resistance  to  destroy  its 
■otiaa;  it  will  go  on  in  obedience  to  the  laws  of  motion 
rewdving  for  ever;  it  will  become  a  satellite  to  our  earth. 
Aad  what  is  the  Moon  but  such  a  satellite? — ^mny  not  she 
dicnlftte  about  the  earth  in  obedience  to  the  laws  of  motion 
and  of  gravity  here  laid  down? 

g2 
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46.  Centre  of  Gravity. — ^Any  heavy  body,  wbether  In'ge 
or  small,  may  be  considered  as  a  collection  of  particles 
more  or  less  minute,  but  indefinite  in  number ;  each  of 
which  is  subject  to  the  force  of  gravity.  All  these  forces 
will  be  parallel  to  each  other,  and  equal,  and  act  in  the 
same  direction ;  hence  they  will  have  a  resultant  (Art. 
22),  or  the  whole  effect  will  be  the  same  as  that  which 
would  be  produced  by  a  single  force  applied  at  a  single 
point.  This  single  force,  or  resultant,  is  the  weight  of  the 
body  (Art.  39),  and  the  point  at  which  it  is  applied  is 
called  the  centre  of  gravity  of  the  body.  Every  body, 
then,  whatever  be  its  shape  or  magnitude,  has  a  centre  of 
gravity,  for  all  known  bodies  are  subject  to  this  force ;  and 
the  determination  of  this  point,  for  different  bodies,  is  a  very 
important,  and  oflen  an  exceedingly  difficult  problem. 
The  importance  of  the  problem  arises  from  the  simplicity 
which  is  thus  introduced  into  all  questions ;  since  every 
body  may  theoretically  be  considered  as  a  point  acted  on 
by  a  given  force.  When  this  point  is  supported,  that  is, 
when  the  force  which  acts  upon  it  is  counteracted,  the 
body  is  at  rest ;  and  since  this  point  has  an  invariable 
position  in  any  given  body,  the  centre  of  gravity  of  a  body 
may  be  defined  as  the  point  about  which  a  body  will 
balance  in  every  position.  The  difficulty  oi  finding  the 
centre  of  gravity  arises  from  the  irregularity  of  bodies. 
Even  if  their  external  figures  are  regular,  we  cannot  be 
sure  of  the  uniformity  of  their  internal  structure ;  they  may 
be  more  dense  in  one  part  than  in  others ;  hence  the  actual 
centre  of  gravity  cannot  be  always  known  frotai  the  theo- 
retical determination  of  it.  For  instance,  a  rod  will  not 
always  balance  on  its  middle  point ;  if  one  end  be  heavier 
than  the  other,  the  centre  of  gravity  will  be  nearer  the 
heavier  end ;  the  centre  of  gravity  of  a  circle,  or  a  sphere, 
will  not  always  coincide  with  the  centre  of  the  geometrical 
figure.  Sometimes,  as  in  a  common  ring,  the  centre  of 
gravity  is  at  a  point  which  does  not  lie  within  the  material 
of  which  the  ring  is  formed.     Supposing  any  body,  as  a 
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Straight  rod,  to  be  umfmnly  constituted^  it  will  balance 
OQ  it»  middle  pointy  because  there  is  on  each  side  of  this  * 
middle  point  a  partide^  the  effect  of  gravity  on  which  is  to 
turn  the  rod  in  c^posite  directions.  And  these  being  exactly 
eqoal,  the  rod  will  be  in  equilibrium,  when  this  point 
is  sustained.  We  shall  see^  in  the  following  article^  the 
method  which  is  to  be  pursued  in  the  theoretical  and  in 
the  practical  determination  of  the  centre  of  gravity  of  a 
body. 

47.  Centre  of  Gravity  of  a  Triangle. — The  centre  erf" 
gravity  in  all  simple  figures  may  be  found  by  the  com- 
monest geometrical  considerations,  as  we  shall  see  in  the 
case  of  a  triangle. 

Let  A  B  0  be  any  triangle ;  draw 
Ao,  n  b,    bisecting  the  opposite 
sides.    Now  the  triangle  may  be 
considered  as  made  up  of  lines, 
each  of  which  is  parallel  to  the 
side  B  c,  and  each  of  which  will 
balance  on  its  middle  point;  hence 
the  whole  triangle  will  balance  on 
the  line  ▲  a ;  the  centre  of  gravity,     '^ 
therefcve,  of  the  triangle  is  in  this  line.     Similarly,  the 
triangle  may  be  made  up  of  lines  parallel  to  A  c ;  the  whole 
triangle  will,  therefore,  balance  on  b  6,  or  its  centre  of 
gravity  is  in  the  line  b  b.    But  it  is  also  in  a  a;  hence  it 
is  both  in  A  a  and  b  by  and  therefore  at  theit  point  of  inter- 
section, or  o  is  the  centre  of  gravity  required.     It  may  be 
proved  by  simple  geometry,  that  a  6  «  f  a  a ;  hence,  to  find 
the  centre  of  gravity  of  a  triangle,  we  have  only  to  draw 
a  line  from  one  angle,  bisecting  the  opposite  side,  and  to 
measure  off  from  the  angular  point,   along  this  line,  a 
distance  equal  to  two-thirds  its  whole  length. 

The  practical  method  of  determining  the  centre  of 
gravity  of  a  plain  figure  like  the  preceding,  is  exceed- 
ingly simple*    Let  it  be  hung  up  by  any  point,  as  the 
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angular  pmnt  a^  for  instance^  and  from  this  same  point 
let  a  small  plumb-line  be  suspended^  and  let  a  a  be  the 
line  in  which  it  would  touch  the  surface ;  then  the  centre 
of  gravity  must  be  in  this  line.  Similarly^  if  the  triangle 
be  hung  up  by  the  point  b,  and  b  6  be  in^this  case  the 
direction  of  the  plumb-line^  then  the  centre  of  gravity 
must  be  in  b6:  but  it  is  also  in  a  a;  it  must^  therefore, 
be  at  o,  the  point  of  their  intersection. 

The  centre  of  gravity  of  a  pyramid  may  be  found  by 
considerations  similar  to  the  preceding.  Suppose  its  faces 
are  all  triangles^  then  the  whole  figure  may  be  conceived 
to  be  made  up  of  sections,  or  laminse^  parallel  to  these  faces. 
The  centre  of  gravity  of  any  of  these  sections  can  be  founds 
and  it  may  be  shewn^  as  in  the  triangle^  that  the  whole 
pyramid  may  balance  on  any  of  the  lines  drawn  from  any 
summit  to  the  centre  of  gravity  of  the  face  opposite ;  the 
centre  of  gravity  will^  therefore,  lie  in  each  of  these  lines ; 
and  will,  consequently,  be  at  the  point  in  which  any  two, 
or  more,  of  these  lines  intersect. 

48.  Conditions  of  a  Body  being  at  Rest. — A  body,  then, 
will  be  sustained,  whenever  the  line  from,  its  centre  of 
gravity  to  the  point  on  which  it  is  sustained,  is  perpen- 
dicular to  the  horizon;  but  when  a  body  stands  on  a 
broad  base,  this  condition  will  receive  some  modification. 
In  this  case,  the  body  is  sustained  on  an  indefinite  number 
of  points,  and  the  condition  now  is,  that  the  vertical  from 
the  centre  of  gravity  must  fall  within  the  base  of  the  body. 
And  the  preceding  condition  is  evidently  sufficient ;  for 
since  this  line  falls  wholly  within  the  body,  there  will  al- 
ways be  a  line  of  particles  affording  the  requisite  support. 
This  condition,  then,  being  fulfilled,  we  must  inquire 
whether  the  equilibrium  is  stable,  or  unstable ;  or  whether 
a  slight  tilting  of  the  body  will  be  attended  with  a  rise, 
or  with  a  fall,  of  its  centre  of  gravity.  Hence  we  are  led 
to  the  following— that  the  heights  of  the  bodies  being  the 
same,  those  st^d  firmest  whose  bases  are  the  broadest^  and 
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centres  of  gravity  the  lowest.     The  following  illustrations 
will  render  the  preceding  remarks  more  intelligible* 


(2.) 


(3.) 


▲B 


In  fig.  1,  the  vertical  drawn  from  the  centre  of  gravity 
G  falls  within  the  base^  or  at  a  ;  the  body  may^  thereforej 
be  considered  as  supported  on  0  a.  Now,  if  this  body  be 
tilted  over  so  as  to  be  sustained  on  b,  the  centre  of  gravity 
will  describe  an  arc  Qg';  the  equilibrium  is  stable,  there'* 
fore,  for  it  cannot  be  disturbed  without  a  rise  of  the  centre 
of  gravity.  In  ^.  2,  the  vertical  from  o  falls  just  at  the 
angle ;  the  body  is  still  supported^  but  the  equilibrium  is 
unstable,  for  if  it  be  tilted  over,  so  that  o  describes  the  arc 
og,  the  centre  of  gravity  is  lowered ;  the  body  will,  there- 
fore^ u|>set.  In  fig.  3,  the  body  cannot  be  sustained  at  all^ 
since  the  vertical  falls  beyond  the  angle  a,  that  is,  with- 
out the  base. 


(4.) 


(5.) 


(6.) 


o 

/ 

L         B 

A  B 


Again^  in  fig.  4,  where  the  base  is  much  broader  than 
in  fig.  1,  the  equilibrium  is  much  more  stable,  because 
of  this  breadth  of  the  base ;  for  the  body  cannot  fall 
over  without  the  centre  of  gravity  being  much  more 
raised,  and  the  broader  the  base  the  higher  must  the  centre 
of  gravity  be  raised  before  the  body  can  upset.    In  fig.  5, 
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where  the  breadth  of  base  ii  the  same,  bat  the  centre  of 
gravity  is  much  lower^  the  arc  Q  g,  which  must  be  de- 
scribed, is  much  more  vertical;  hence  fig.  5  is  much 
steadier  than  fig.  4.  In  fig.  6,  the  effecte  of  a  narrow  base, 
and  a  high  centre  of  gravity,  are  at  once  apparent ;  the  rise 
of  o  is  very  small,  and  its  path  very  short,  so  that  an  ex- 
ceeding small  tilt  will  overset  the  body. 

Let  a  common  walking  stick, 
A  By  be  laid  on  a  table :  and  let  a 
heavy  weight  be  attached  to  it  by 
a    string    at    c>    being    slightly 
pushed  in,  or  out  of  the  vertical, 
by  a  rod  d  b,  then  there  will  be 
equilibrium  as  represented  in  the 
figure.   The  string  c  d  being  pushed  out  of  the  vertical,  no 
lateral  motion  can  be  given  to  the  weight  without  raising  the 
centre  of  gravity  of  the  system.     The  end  a  of  the  stick 
will  describe  the  arc  a  a,  turning  about  c,  and  the  centre 
of  gravity  would  then  ascend  in  an  arc  d^.     But  since  such 
a  motion  would  be  attended  with  a  rise  of  the  centre  of 
gravity,  the  position  in  which  it  is,  before  that  rise  can  take 
place,  ia  one  of  stable  equilibrium ;  hence  a  small  disturb- 
ance will  not  destroy  the  equilibrium. 

49.  Illustrations* — From  these  principles  we  may  easily 
understand  the  various  natural  positions  into  which  instinct 
directs  us  to  place  our  limbs.  In  every  position  the  centre 
of  gravity  of  the  body  must  be  directly  above  the  point  of 
support ;  in  ordinary  cases  the  human  body  is  supported  on 
a  base,  whose  boundaries  are  the  lines  that  can  be  drawn 
joining  the  toes  and  the  heels,  and  along  the  outside  edges 
of  the  feet.  A  projection  then  in  any  part,  as  a  load  on  the 
back,  or  in  the  arms,  requires  the  body  to  be  inclined  so  that 
the  vertical  from  the  centre  of  gravity  of  the  compound  mass 
may  fall  within  this  base.  Hence,  also,  when  a  person 
would  stand  steadily,  the  feet  must  be  set  at  as  great  a  dis- 
tance apart  as  is  convenient  and  consistent  with  a  ready 
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change  of  posture ;  the  toes  also  must  be  turned  out  which 
adds  to  the  breadth  without  sensibly  diminishing  the  length 
of  the  base.  The  difficulty  of  walking  on  wooden  legs  is  to 
be  referred  to  the  difficulty  with  which  the  centre  of  gravity 
can  be  kept  over  so  small  a  base ;  and  when  the  centre  of 
gravity  is  raised,  as  by  mounting  on  a  pair  of  stilts,  the  po» 
sition  of  the  body  may  soon  be  brought  into  a  position  of 
unstable  equilibrium. 

The  beautiful  statues  of  antiquity  will  furnish  many  illus- 
trations of  contrivances  on  the  part  of  the.  sculptors^  by 
which  the  instinctive  and  unconscious  adaptions  of  nature 
are  so  exactly  imitated^  that  the  statue  has  the  same  sta** 
bility  as  the  natural  figure  would  have  under  the  same  cir- 
cumstances. 

In  ascending  a  hill  we  appear  to  lean  forwards^  and  in 
descending  to  lean  backwards^  but  we  only  keep  ourselves 
perpendicular  to  a  hoii^ontal  plane ;  were  our  bodies  to  be 
perpendicular  to  the  inclined  surface  of  the  8oil>  the  verti* 
cal  from  the  centre  of  gravity  would  fall  without  the  base 
of  the  feet,  and  we  could  not  be  supported. 

In  rapid  motionsj  the  centre  of  gravity  appears  to  be 
momentarily  unsupported,  or  only  partially  supported, 
since  the  impression  of  a  horse's  hind  foot  may  sometimes 
be  seen  upon  or  before  the  impression  of  the  fore  foot; 
but  in  these  cases  the  weight  of  the  animal,  though  un- 
sustained,  has  not  time  to  produce  its  effect.  In  general, 
quadrupeds  move  one  foot  on  each  side  at  the  same  time, 
80  that  the  centre  of  gravity  is  over  the  diagonal  of  the 
four«sided  figure  formed  by  its  feet.  The  motion  of  fowls 
is  worth  observing;  they  set  one  foot  before  the  other  so 
that  the  weigjht  of  the  body  is  thrown  directly  over  one  1^ 
at  each  step* 

50.  EquiliMumf  stable  and  untiable.'^'We  have  already 
seen  that  the  only  condition  requisite  that  a  heavy  body 
should  be  in  equilibrium,  is  that  its  centre  of  gravity  should 
be  sustained ;  but  this  condition  may  be  fulfilled  in  differ- 
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ent  ways,  according  as  the 
body  is  suspended  from^  or 
sustained  on,  a  point  of  sup- 
port. If  an  index,  or  hand, 
moving  freely  about  its  centre 
c,  be  at  rest,  its  centre  of  gra- 
vity must  be  in  the  vertical 
line  A  B.  There  are  but  two 
ways  in  which  the  hand  can 
rest ;  its  centre  of  gravity  must 
either  be  at  6^  above  the  centre  c,  about  which  the  hand 
turns,  or  at  o'  below  it ;  the  hand  cannot  rest  in  any  inteiv 
mediate  position,  as  those  indicated  by  the  dotted  lines  c  n, 
or  E.  Thus,  there  are  but  two  positions  of  equilibriiim. 
The  nature  of  the  equilibrium  is  however  very  dififeDsnt 
in  the  two  cases;  in  the  one  it  is  unstable,  in  the  other  it  is 
stable :  for  if,  when  the  centre  of  gravity  is  above  the  point 
of  support,  the  hand  be  moved  ever  so  slightly  from  its 
vertical  position,  it  will  not  return  to  that  position,  hut  will 
move  still  further  to  the  right,  or  to  the  left,  aecocding 
to  the  side  to  which  it  is  disturbed :  in  this  case  then  the 
equilibrium  is  unstable :  but  when  the  centre  of  gravity  is 
below  the  point  of  support,  the  hand,  however  moved,  will 
return  to  its  original  position,  or  the  equilibrium  is  stable. 
There  is  then  stability  in  the  equilibrium  when  the  centre 
of  gravity  is  below  the  point  of  support,  and  instability 
when  it  is  above  it:  in  all  other  cases  there  is  no  eqoi* 
librium  at  all,  unless  the  adhesion  to  the  axis  be  such  as  to 
prevent  the  hand  from  moving  freely. 

A  body  placed  on  a  horizontal  plane,  and  touduag  it 
but  in  one  point,  may  assume  divers  positions  of  equilSbri* 
um,  some  of  which  will  be  stable,  and  others  unstalde,flsin 
i)m  preceding  case.  There  may  be  others  also  wkioh^aie 
termed  indifferent;  because  the  body,  on  being  disturbed^ 
makes  no  attempt  to  return  to,  or  recede  farther  firoo^.  its 
original  position,  but  remains  in  the  position  whkb  ^we 
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give  to^it.  The  three  cases  may  be  illustrated  by  the 
positions  of  equilibrium  of  an  ellipse,  and  of  a  circle, 
resting  on  a  horizontal  plane.  If  an 
ellipse  rest  on  the  end  of  its  smaller 
axis  as  c  B,  the  equilibrium  is  stable ;  for 
then,  if  the  body  be  disturbed,  it  will  re- 
turn to  its  former  position,  or,  in  other 
words,  it  will  rock  about  b,  and  not  turn  over;  here 
then  the  equilibrium  is  stable:  but  if  it  rest 
on  the  end  of  its  larger  axis,  as  c  b,  the  least 
distarbaace  will  overset  it,  it  will  recede 
further  from  its  original  position,  it  will  not 
lock  about  b;  here  then  the  equilibrium  is 
BPStrible.  Bat  a  circle  will  rest  on  any  ra- 
diBS  as  0  Ay  and  into  whatever  position  it 
is  liroaght  it  will  stay  there,  shewing  no  dis- 
pOBtion  to  move  either  way,  that  is,  either 
back  again  to,  or  further  from,  the  position 
IB  which  it  is  onoe  placed ;  here  the  equili- 
baom  ia  indifferent.  " 

In  considering  the  preceding  cases  of  the  ellipse  and  the 
cizclei  we  observe  that  the  centre  of  gravity  is  in  one  position 
of  the  ellipse  the  lowest,  and  in  the  other  the  highest  possible; 
^t  is^  the  line  from  the  centre  of  gravity  to  the  point  of 
eontact  is  in  one  case  a  minimum,  and  in  the  other  case  a 
maadmiim :  but  in  the  circle  the  distance  df  the  centre  of 
gravity  from  the  supporting  plane  does  not  vary.  When- 
ever then  the  supporting  ray,  or  the  line  drawn  from  the 
oentze  of  gravity  to  the  point  of  contact,  is  a  minimum,  or 
less  than  the  rays  on  each  side  of  it,  the  equilibrium  is 
stable;  and  whenever  it  is  a  maximum,  or  greater  than 
those  on  each  side  of  it,  the  equilibrium  is  unstable;  and 
when  it  is  neither  a*  maximum  nor  a  minimum,  but  all  the 
ngra  are  equal,  the  equilibrium  is  indifferent.  All  ques- 
tions le^ieeting  the  upsetting  and  falling  of  bodies,  must  be 
fisoihred  by  the  preceding  principles.  So  long  as  a  body  is 
in  iuch  a  position  that  it  cannot  be  moved  without  raising 
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its  centre  of  gravity  it  cannot  be  overturned,  but  where  the 
centre  of  gravity  would  be  instantly  lowered  by  any  tilting 
motion^  the  body  must  be  upset  if  disturbed  in  the  slightest 
degree. 


Section  II. 

SIMPLE,  CTCLOIDAL,  AND  COMPOUND  PENDULUMS MEASURE  OF  TIME- 
INTENSITY  OP  GRAVITY FIGURE  OF  THE  EARTH UNIVERSAL  GRAVI- 
TATION. 

On  the  Pendulum, 

51.  The  pendulum,  considered  with  reference  either  to 
its  theory  or  its  practical  applications^  is  an  instrument  on 
every  account  worthy  of  a  most  attentive  examination.  Its 
theory  affords  us  a  most  beautiful  example  of  the  dominion 
of  mathematics  over  the  laws  to  which  matter  is  subject,  and 
of  the  way  in  which  experiment  and  observation^  guided  by 
mathematical  research,  may  unfold  the  phenomena  of  nature* 
As  a  practical  instrument  the  pendulum  stands  unrivalled; 
the  observations  which  can  be  made  with  it  are  on  many  ac- 
counts more  exact  than  those  which  can  be  made  in  any 
other  manner,  and  the  corrections  for  the  errors  which  are 
inseparable  from  all  observations,  can  be  made  with  a  great 
degree  of  precision  and  certainty ;  hence  the  evidence  and 
knowledge  which  it  affords  us  is  of  a  higher  order  than  can 
be  obtained  directly  in  any  other  manner. 

Any  body  suspended  from  a  fixed  point  by  a  string,  and 
drawn  from  its  position  of  rest,  will,  when  left  to  itself,  not 
only  return  to  its  original  position,  but  will  pass  beyond  it, 
9nd  continue  swinging  about^  passing  and  repassing  its 
original  position,  until  finally  reduced  to  rest.  This  back- 
ward and  forward  motion  is  termed  oscillating,  and  the 
body  having  passed  from  one  extreme  point  to  another 
is  said  to  have  performed  an  oscillation.  A  simple  pendu- 
lum is  supposed  to  consist  of  a  heavy  molecule^  suspended 
tj  a  perfectly  flexible  string  without  weight. 
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Thus,  let  B  be  a  small  ball,  suspended  by  a  fine  string  from 
the  point  c.  Let  the  ball,  or  bob,  as  it  is  termed,  be  brought 
to  D :  being  then  left  to  itself,  it "^ will  descend  down  the 
arc  H  A,  and  passing  a  will  ascend  up  the  arc  a  n",  and  come 
into  the  position  d',  such  that  the  angles  bod'  and  b  c  D 
are  equal,  or  the  arc  of  ascent  equal  to  the  arc  of  descent. 
The  angular  distance  bgd,  by  which  the  pendulum  is 
moved  from  its  position  of  rest,  is  called  the  extent  or  am- 
plitude of  the  oscillation ;  and  the  time  which  the  body 
takes  in  descending  or  in  ascending,  is  the  time  of  half  an 
oscillation,  and  both  together,  or  the  time  of  describing  the 
whole  arc,  is  the  time  of  a  whole  oscillation.  When  the 
body  is  at  d,  let  us  consider  the  force  which  acts  upon  it, 
which  is  grairity,  in  the  direction  d  o.  Now  this  force  is 
equivalent  to  two  others,  one  in  the  direction  D  f,  and  the 
other  in  the  direction  d  e  (Art.  21)  •  Of  these,  the  former  is 
sostldned  at  c  by  the  tension  of  the  string,  the  latter  is 
wholly  effective  in  making  the  body  move  down  the  arc,  or 
towards  A.  It  will  be  seen  that  the  direction  and  magni- 
tude of  each  of  these  component  forces  changes  each  in- 
stant ;   that  when  the  body  is  at  a,  the  latter  vanishes 
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entirely.  But  the  body  in  its  descent  having  acquired  a 
certain  momentum^  will  lose  it  again  by  decrements  equal 
to  the  increments  by  which  it  acquired  it,  but  in  the  inverse 
order ;  so  that  the  arc  of  ascent  will  be  exactly  equal  to  the 
arc  of  descent.  The  limb  h  h'  being  graduated  will  shew 
the  extent  to  which  the  pendulum  oscillates  on  each  side  of 
the  verticaL 

If  the  resistance  of  the  air,  the  rigidity  of  the  string, 
and  the  friction  about  the  point  c,  could  be  entirely  re- 
moved, the  pendulum,  once  set  going,  would  oscillate  for 
ever;  and  it  continues  to  oscillate  in  proportion  as  these 
retarding  causes  are  removed.  In  experiments  in  which 
great  care  has  been  taken  to  remove  as  much  as  posable  all 
these  retarding  causes,  a  pendulum  has  gone  on  oscillating 
for  several  days.  The  preceding  explanation  will  be  suf- 
ficient to  shew  the  way  in  which  the  motions  of  the 
pendulum  are  produced,  but  as  it  is  jmpopsible^  without 
the  aid  of  mathematics,  to  present  an  exact  and  entire 
theory  of  this  instrument,  we  shall  briefly  state  the  results 
.  which  the  mathematical  theory  gives,  and  which  observe 
tion  fully  confirms.  In  the  preceding  illustration  Jihe  arc 
of  vibration  is  a  circular  arc,  the  point  of  suspension  being 
the  centre  of  the  circle,  but  the  arc  which  possesses  the 
most  remarkable  properties,  and  which  is  notorious  in  the 
history  of  mathematical  science,  in  consequence  of  the  disr 
cussiotts  it  has  given  rise  to  because  of  the  pendoluni^  is 
the  cycloid  i  and  the  exact  laws  to  which  we  have  a)luded» 
bcilong  to  a  pendulum  swinging  in  this  arc,  or  to  |be 
cycbidal  pendulum. 

52.  l»aws  (if  the  Cycloidal  Pendulum.— rli  will  readily  \» 
conceived  that  a  body  may  be  made  to  swing  in  any  curve, 
the  string  by  which  it  is  suspended  being  constrajjoue^* 
}f  the  string  be  merely  tied  to  a  point  the  body  will  ^ 
scribe  a  circuit  are,  but  if  during  the  motion  of  th^  bo4y 
the  string  be  prevented  from  being  stretched  str^gh^  by 
being  constantly  wound  round  or  unwound  firom  a  curve, 
then  may  the  body  describe  any  curve.     Thus,  a  body  may 
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be  made  to  swing  in  an  arc  which  is  a  portion  of  a  eydoid) 
and  for  which  we  have  the  following  remarkahle  laws. 

l^  '  The  cycloid  is  an  isochronous  curve ;  that  is^  what- 
efer  be  the  length  of  the  arc  in  which  the  body  swings,  or 
die  extent  of  vibration^  this  arc  wiU  be  described  in  the 
same  time.' 

2**.  *  The  time  of  an  oscillation  varies  directly  as  the 
square  root  c^  the  length  of  the  pendulum^  and  inveively 
as  the  square  root  of  the  force  of  gravity.* 

3^.  '  The  resistance  of  the  air  and  friction,  though  they 
aflfeet  die  extent  of  each  oscillation^  produce  no  effect  on  the 
time  in  which  die  oscillation  is  performed.' 

These  are  the  laws  to  which  theory  leads  for  the  motion 
of  a  oydoidal  pendulum;  but  the  practical  difficulties  of 
making  a  pendulum  oscillate  in  a  cycloid  are  such,  that  its 
ose  is  entirely  superseded  by  the  circular  pendulum,  that 
is,  by  tt  weight  susp^ided  from  a  point,  and  oscillating  in  a 
circular  arc 

53»  Simple  Pendulum* — ^The  great  value  of  the  cydoidid 
pendulum,  could  it  have  been  jM-actically  executed,  would 
arise  from  the  fact  of  the  isochronism  of  its  vibrations; 
iduitever  was  the  extent  of  the  arc  in  which  it  had  swung, 
the  time  of  its  passing  and  repassing  the  lowest  point  would 
have  been  invariaUy  the  same,  and  we  should  thus  have 
beoi  furnished  with  an  exact  measure  of  time.  Now,  with 
reelect  to  the  circular  pendulum,  it  may  be  shewn  by  mathe- 
matics, that  provided  the  arc  of  vibration  be  small,  its  oscil- 
lations will  be  practically  isochronous ;  or,  in  other  words, 
the  time  of  a  body's  swinging  in  a  small  circular  arc  will 
not  differ  sensibly  from  the  time  in  which  it  would  oscil- 
late in  a  eydoidal  arc  Hence  we  see  the  reason  why  the 
pendulums  of  all  good  docks  swing  in  very  small  arcs ;  so 
kmg  as  the  arcs  are  small  the  isochronism  of  the  motion  is 
iBMied ;  hence  good  docks  keep  the  same  time. 

The  circular  or  common  pendulum,  bdng  thus  identified 
with  the  eydoidal  pendulum  in  the  isochronism  of  its  vi-« 

h2 
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br^ioBS^  is  also  subject  to  the  same  laws,  and^  consequently^ 
the  times  of  the  ospillations  of  two  pendulums  will  be  as 
the  square  roots  of  their  lengths.  Suppose  that  three  pen- 
dulums, whose  lengths  are  as  the  numbers  1,  4,  9>  be  sus- 
pended and  set  swinging,  then,  according  to  the  preceding 
law,  the  times  of  their  performing  each  oscillation  will  he 
as  the  numbers  1,  2,  3,  &r  these  are  the  square  roots  of  the 
preceding  numbers.  Such  will  be  the  observed  fact  as  near 
as  we  can  judge ;  the  pendulum  whose  length  is  1  will  make 
two  oscillations,  while  that  whose  length  is  4  makes  one 
oscillation,  and  will  make  three,  while  the  pendulum  whose 
length  is  9  makes  one.  These  and  similar  observatioQS 
will  enable  us  to  verify  a  law,  but  its  absolute  certainty 
must  depend  on  very  different  evidence  (Art.  3),  as  we 
shall  shew  presently,  in  the  case  of  the  pendulum. 

The  preceding  experiments  will  also  serve  to  shew  the 
uniformity  and  universality  of  the  action  oi  gravity.  The 
times  of  oscillation  are  precisely  the  same,  whatever  be  the 
substance  of  which  the  pendulum  is  composed.  Balls  of 
wood,  ivory,  metal,  hollow,  empty,  or  filled  with  any  sub- 
stance, will  oscillate  in  precisely  the  same  time,  provided 
the  length  of  the  string  be  the  same,  and  the  resistimoe 
of  the  air  be  allowed  for. 

In  the  preceding  we  have  been  speaking  of  the  simple 
pendulum,  which  may  be  considered  as  consisting  of  a  string 
without  weighti  sustaining  an  indefinitely  small  portion  of 
some  material  substance.  Now,  no  such  pendulum  as  this 
exists  in  nature ;  every  string  has  sensible  weight,  and  the 
matter  suspended  cannot  be  considered  as  a  point ;  so  that 
a  pendulum  is  really  an  irregular  mass,  and  these  irregu-^ 
lariti&s  must  be  got  over,  or  our  experiments  and  observa- 
tions cannot  be  depended  upon.  This,  theory  enables  us 
to  do ;  and  much  as  it  has  hitherto  done,  in  pointing  out 
the  laws  of  the  simple  pendulum,  it  has  done  much 
greater  service  in  shewing  us  how  to  overcome  the  irregular 
combination  of  matter  which   must  ever   perplex  calcu-* 
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lading  «ad  to  subject  any  irregular  xobsb,  or  compound 
pendulain»  to  the  preceding  laws  of  the  simple  pendulum ; 
this  we  diall  now  endeavour  to  make  intelligible. 

54.  Centre  of  Osct //o/toii^—- Any  mass,  however  irregular 
in  form  and  constitution,  may  be  set  swinging  about  an 
axis,  and  osdllate,  as  we  have  already  described  respecting 
the  simple  pendulum.  But  the  times  of  the  oscillations  of 
sudi  a  mass  will  depend  on  its  external  figure,  on  its  in* 
tenud  constitution,  and  on  the  position  of  the  axis^  that  is, 
the  poiBt  of  suspenaion,  about  which  it  oscillates.  But  the 
amall.  oscillations  will  be  isochronous,  or  peiformed  in  the 
same  time  as  we  have  already  seen  in  a  simple  pendulum. 
Now  there  is  some  point  in  this  irregular  mass  which 
moves  precisely  as  a  single  particle  would  do^  suspended 
by  a  string,  whose  length  is  equal  to  its  distance  from  the 
point  of  suspension.  The  positictn  of  this  point  is  called 
the  centre  i^asdliaiiom  of  the  body.  If  all  the  particles  of 
the  body  be  supposed  collected  at  this  point,  and  suspended 
from  the  point  of  suspension  by  a  string  without  weight, 
then  win  this  simple  pendulum  oscillate  in  precisely  the 
same  time  as  the  irregular  mass.  By  the  knowledge  of  this 
centre  of  oscillation,  the  calculations  respecting  the  oscilla-* 
tions  of  a  solid  mass,  or  compound  pendulum,  become  the 
same  as  those  of  a  single  particle  suspended  by  an  imagi- 
nary thread,  and  the  difficult  problem  of  a  compound  pen* 
dulum  is  at  once  reduced  to  the  preceding  laws  of  a  simple 
pendolum. 

Every  mass  has  its  centre  of  oscillation ;  but  the  investi- 
gadon  of  its  position  is  in  most  cases  a  difficult  mathe- 
HM^ical  question.  The  point  being  determined,  its  distance 
firom  the  axis,  or  point  of  suspension,  is  the  length  of  the 
simple  pendulum ;  hence  the  time  of  the  oscillation  of  a 
componnd  mass  is  inversely' as  the  square  root  of  this  dis- 
tance. But  the  great  practical  importance  of  knowing  this 
point  is  the  remarkable  relation  which  subsists  between 
it  and  the  point  of  suspension,  and  which  is  stated  in  the 
following  terms — "  The  centres  of  oscillation  and    sus- 
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pension  are  reciprocal."*  Thus,  if  we  have  a  bar  of  iron, 
which  can  oscillate  abDut  an  axis  placed  at  anv  p(»nt,  and 
its  centre  of  oscillation  be  determined,  and  at  this  centre 
another  atis  be  placed ;  then  if  the  bar  be  inverted  and 
suspended  on  this  new  axis,  the  old  point  of  suspension  will 
be  the  new  centre  of  oscillation.  Thus  the  centres  of  sus- 
pension  and  oscillation  are  convertible.  The  application 
of  this  principle  by  Kater  in  the  great  problem  of  the  de* 
termination  of  the  length  of  the  second's  pendulum,  furnishes 
one  of  the  most  beautiful  instances  on  record  of  the  direct 
application  of  a  law,  which  must  ever  have  lain  hid  but  for 
the  refinements  of  mathematical  reasoning. 

65,  Length  of  the  Second's  Pendic/wm.— Few  things  pro- 
bably^ at  first  sight,  may  seem  more  easy  than  the  determina- 
tion of  the  length  of  a  pendulum  which  oscillates  in  a  given 
time,  and  yet  it  is  certain  that  there  are  few  problems 
whose  direct  determination  presents  many  more  insuperable 
difficulties.  For,  suppose  we  have  a  small  heavy  particle 
suspended  by  a  thread,  almost  without  weight,  and  swing- 
ing freely ;  suppose  also,  that  the  number  of  oscillations 
which  it  makes  in  a  given  time,  and  consequently  the 
length  of  each,  to  be  accurately  known ;  suppose  moreover, 
the  want  of  flexibility  in  the  thread,  and  the  resistance  of 
tbe  air,  to  have  been  entirely  removed  or  allowed  for; 
and  it  only  now  remains  to  measure  the  length  of  the 
string.  This,  as  will  readily  be  seen,  cannot  be  done  with 
any  degree  of  accuracy ;  we  cannot  determine  the  exact 
point  of  suspension,  nor  the  exact  point  of  the  connexion 
of  the  string  with  the  heavy  particle ;  so  that  the  uncer- 
tainty attendant  on  this  operation,  even  when  performed 
with  the  greatest  possible  exactness,  renders  some  other 
method  highly  desirable.  This  great  desideratum  was  fur* 
nished  by  Kater,  by  the  appliclttion  of  the  principle  stated 
in  the  preceding  article.  We  can  measure  with  extreme 
accuracy  between  two  fixed  surfaces,  as  axes  of  suspen- 
sion;  the  difficulty,   then,  is  to  obtain  two  surfaces^  or 

•  Whewell's  Mechania,  Art.  205. 
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poinls,  8p  rcdated.  This  may  be  done  by  a4}ustmg  a  move- 
able  weigbt  on  a  bar  of  metal  furnished  with  two  axes  of 
suipensioQ  ;  the  weight  must  be  mpved  about  until  it  is  io 
a  positiou  such  that  the  time  of  oscillation  about  either 
axis  is  precisely  the  same.  These  two  axes  will  then  havQ 
the  required  relation  for  that  given  mass,  and^  consequently* 
the  time  of  oscillation  being  observed,  and  the  distance  be- 
tween the  axes  being  accurately  measured,  we  have  the 
length  of  the  simple  pendulum  which  oscillates  in  this 
time.  It  would  be  foreign  to  our  purpose  to  attempt  any 
description  of  the  wonderful  ingenuity  displayed  by  Kater 
on  many  practical  points  in  this  very  difficult  problem ;  we 
have  endeavoured  to  make  the  principle  of  his  method  in- 
telligible, and  for  the  rest  we  must  refer  to  his  own  paper.* 

The  length  of  a  pendulum  oscillating  in  any  time  hav- 
ing been  accurately  determined  ;  the  length  of  the  second's 
pendulum,  that  is»  of  the  imaginary  simple  pendulum 
which  would  oscillate  in  a  second  of  time,  can  be  found  by 
a  simple  proportion  from  the  theoretical  law  (Art.  52.)  of 
the  times  being  inversely  as  the  square  roots  of  the  lengths. 
And  the  lepgth  of  this  pendulum,  as  determined  by  Kater, 
in  the  latitude  of  London,  in  vacuo,  at  the  temperature 
62*  of  Fahrenheit,  and  reduced  to  the  level  of  the  sea,  is 
39'  1386  inches.  The  reasons  for  these  various  statements, 
and  the  way  in  which  the  result  would  be  affected  by  any 
variations  in  the  circumstances  to  which  they  refer,  will 
appear  in  the  subsequent  parts  of  this  work. 

Before  closing  this  article,  it  may  be  well  briefly  to  re- 
view the  steps  of  the  investigation  which  have  conducted 
us  to  this  most  important  determination.  First,  then,  the 
mathematical  theory  leads  to  the  proposition,  that  the  times 
in  small  circular  arcs  are  inversely  as  the  square  roots  of  the 
lengths  of  the  pendulum ;  theory  next  leads  to  the  position 
of  the  centre  of  oscillation,  and  to  the  law  that  the  distance 
of  this  from  the  point  of  suspension  is  the  length  of  the 
theoretical  simple  pendulum,  which  oscillates  in  the  same 

*  PhiUw^ical  Transactions,  1818. 
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time  as  the  irregular  mass;  theory  next  leads  to  the  re- 
markable proposition  of  the  convertibility  of  the  centres  of 
suspension  and  oscillation.  Then  comes  in  observation^  and 
determines  what  is  the  length  of  the  simple  pendulum  which 
is  made  to  oscillate  in  conformity  with  these  theoretical 
laws ;  this  length  having  been  accurately  ascertained,  Itnd 
also  the  corresponding  time,  we  return  to  the  theoretical 
law  for  the  determination  of  the  length  which  corresponds 
to  any  other  portion  of  time,  whatever  may  be  the  most 
practically  convenient;  and  this  being  a  second^  it  is 
the  length  of  the  second's  pendulum  which  is  finally  ar- 
rived at. 

56,  Compensation  Pendulum. — The  time  of  the  oscilla- 
tion of  a  pendulum  depends  on  its  lengthy  that  is^  on  the 
distance  of  the  imaginary  point  termed  the  centre  of  osdl- 
iation  from  the  point  of  suspension;  if,  therefore,  from 
any  circumstance,  the  pendulum  becomes  lengthened,  the 
time  in  which  it  swings  will  be  lengthened  too ;  and  if  it 
be  shortened,  the  time  will  also  be  shortened.  This  is 
known  to  every  one  who  watches  a  clock ;  a  clock  is  oh* 
s^ved  to  lose^  that  is,  the  pendulum  takes  too  long  a  time 
to  perform  its  oscillations — it  must,  therefore,  be  shortened ; 
«  clock  gains,  that  is,  goes  too  fast,  or  takes  too  little  time 
for  each  oscillation — the  pendulum  must,  therefore,  be 
lengthened.  This,  every  person  who  attends  to  the  rate  of 
a  clock  must  either  do  or  allow  for  at  different  times ;  that 
is,  the  pendulum  must  either  be  made  of  the  exact  length, 
or  the  quantity  by  which  the  clock  is  too  fast  or  too  slow 
must  be  allowed  for.  Now,  it  is  impossible  to  make  a 
clock  go  accurately  true ;  the  only  true  and  invariable  mea- 
sure of  time  is  the  rotation  of  the  earth,  and,  consequently, 
in  ail  observatory  clocks,  when  an  error  amounting 
only  to  a  very  small  fraction  of  a  second  can  be  detected, 
there  is  what  is  termed  the  clock  error,  that  is,  a  given 
quantity,  which  must  be  added  or  subtracted  from  the  time 
as  shewn  by  the  clock,  in  order  to  give  the  more  accurate 
time,  as  ascertained  by  astronomical  observations.     But  a 
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pendulum  being  a  large  mass  of  matter^  is  subject  to  con- 
stant changes  from  tbe  variations  in  temperature^  and  the 
expansion  and  contraction  from  this  cause  occasions  so  great 
a  change  in  the  position  of  the  centre  of  oscillation^  that  no 
clock  made  with  a  common  pendulum  would  be  worth  any 
thing  for  astronomical  purposes  ;  hence  recourse  is  had  to 
compensation  pendulums^  that  is^  to  pendulums  so  constructed 
that  an  expansion  or  contraction  of  the  whole  mass  will  not 
alter  the  distance  between  the  centres  of  oscillation  and  of 
suspension.  This  is  effected  by  combining  the  different 
rates  of  expansion  of  different  metals,  so  as  to  compensate 
each  other.  The  principal  part  of  the  pendulum  is  the 
heavy  weight  at  the  end^  or  the  bob ;  now  it  is  evident 
that  the  centre  of  oscillation  will  be  somewhere  within  this 
mass^  and  its  position  will  consequently  be  affected  by  any 
change  in  the  position  of  this  mass.  The  gridiron  pendu- 
lum consists  of  parallel  bars  of  brass  and  steely  so  adapted 
that  the  expansion  of  one  elevates^  j  ust  as  much  as  the  expan- 
sion of  the  other  lowers^  the  centre  of  oscillation  of  the 
pendulum.  This  method  of  compensation  is^  however^ 
almost  entirely  superseded  by  the  mercurial  bob^  or  by  using 
a  cylindrical  vessel  full  of  mercury,  as  the  sustained  weight. 
On  the  way  in  which  the  adjustments  for  the  compensation 
are  effected^  we  cannot  at  present  enter. 

57.  Measure  of  Time, — One  of  the  most  important  uses 
of  the  pendulum  is  the  means  which  it  affords  us  of  mea- 
suring time  with  ease  and  accuracy.  We  have  seen  that 
if  the  arc  through  which  it  swings  be  small,  its  oscillations 
are  isochronous,  or  performed  in  the  same  time ;  if,  there- 
fore>  we  can  devise  any  means  of  counting  and  registering 
these  equal  intervals  of  time,  we  shall  have  an  exact  mea- 
sure of  time.  Again^  we  have  also  stated,  as  a  theoretical 
law,  that  the  resistance  of  the  air  and  the  retarding  cause 
of  faction  do  not  alter  the  time  in  which  each  vibration  is 
performed;  but  since  these  are  constantly  acting  as  retard- 
ing causes,  they  will  diminish  the  arc  of  vibration  by  in- 
sensible degrees^  and  the  pendulum  will  finally  stop.   Two 
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points,  then,  must  be  attended  to;  we  must  devise  soiAe 
means  for  counting  the  number  of  oscfllationt^  uid  some 
supply  of  force  to  compensate  the  retarding  fbrces  vMA 
are  constantly  acting  to  destroy  the  motion.  These  two 
ends  are  brought  about  by  the  machinery  of  a  dodk;  nU  tiw 
parts  of  a  c]o€k,  except  the  pendulum^  are  contrivlmeef  ^  fe 
counting,  in  a  convenient  manner^  t^  oscdllations^  aadie* 
gistering  them  successively,  and  for  administering  tlit 
supply  of  force,  without  which  the  motion  of  the  pendnlam 
could  not  long  continue.  Of  the  way  in  which  tliis  j^^gistdr 
is  effected,  or  of  the  very  beautiful  contrivances  by  Wfakfi 
the  supply  of  force  is  administeied  by  the  cohtrivance 
termed  the  dead  beat  scapement^  it  is  not  our  pronnce  lierc 
to  speak,  but  they  are  most  worthy  the  attention  of  evocy 
one.  On  the  principle  of  the  supply  of  force,  w^  may  le* 
markt  that  it  must  take  place  just  as  the  pendulum  is  at  (te, 
lowest  pointy  or  in  the  middle  of  its  oscillation';  for  i£% 
small  acceleration  be  given  at  this  point  of  the  swing,  it  ib 
equivalent  to  starting  the  pendulum  with  a  fresh  vdocity ; 
but  if  it  be  given  at  any  other  point,  the  isochronisi^  will 
be  in  great  danger  of  being  disturbed.  The  theory  of  thii 
subject  is  exteemely  beautiful,  and  leads  us  at  oftce  to  the 
preceding  important  practical  results. 

But  the  question  here  naturally  arises,  how  are  we  aft' 
sured  of  the  isochronism  of  our  good  pendulums;  shoqld 
the  small  intervals  of  time  change  in  any  manner,  how  can 
we  possibly  detect  it,  since  these  intervals  are  our  units  of 
time?  Our  only  certain  invariable  measure  of  time  is  the 
period  of  the  rotation  of  our  earth  about  its  axis.  We  are 
certain  that  this  has  not  changed  from  the  days  of  Hippdr- 
chus*  to  the  present  hour.  It  is  by  this  unerring  standiod; 
then,  that  we  can  test  the  regularity  and  constancy  of  the 
inteifvals  registered  by  our  clocks. 

58.  Variations  of  Gravity, — We  have  hi therto^  considered 
gravity  as  invariable,  and  traced  the  consequences  of  a 

•  B.  C.  120. 
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chasge  in  the  lengUi  of  the  pendulum;  we  shall  now  sup- 
poie  the  length  invariable^  and  consider  the  effect  on  the  time 
of  an  oadllation  caused  by  a  change  in  the  intensity  of  gra- 
vity. The  time  of  an  oscillation  (Art.  52.)  varies  directly 
as  the  length  of  the  pendulum,  and  inversely  as  the  force  of 
geavi^^  that  is,  the  time  diminishes  as  the  force  of  gravity 
iacraaaesy  and  conversely.  If^  then,  the  time  of  the  oscil- 
ktkm  of  m  pendulum  be  observed  in  London^  and  the  same 
pendulum  be  carried  to  the  Cape  of  Good  Hope,  and  its  time 
of  osciiladon  be  observed  again  there,  and  these  times  are 
equal*  we  may  conclude  that  the  force  of  gravity  is  the 
same  at  the  Gape  as  at  London :  but  if  the  time  be  greater 
at  the  Cape  than  at  London,  we  must  conclude  that  the 
foroe  of  gravity  is  less.  It  was  suggested  by  Newton,  from 
theoretical  considerations  on  the  Figure  of  the  Earth,  that 
gcavity  must  decrease  as  we  advance  towards  the  equator, 
lad  merease  as  we  advance  towards  the  poles.  All  obser- 
vations on  the  pendulum  confirm  this.  The  pendulum  that 
swings  exactly  in  one  second  here,  oscillates  more  slowly  at 
the  eqnator,  and  more  rapidly  at  the  poles ;  the  force  ai 
giavity,  therefore,  is  diminished  at  one  place,  and  increased 
at  the  other;  and  the  second's  pendulum  is  shorter  at 
the  equator,  and  longer  at  the  poles,  than  in  our  lati- 
tude.* 

Observers  generally  give  the  length  of  the  pendulum 
which  oscillates  in  a  second  of  time  as  the  result  of  their 
eiperiments.  The  reason  for  this  is  obvious ;  the  only  cer- 
tain and  invariable  standard  to  which  we  can  directly  refer, 
is  one  of  time;  namely,  the  time  of  the  rotation  of  the 
earth  about  its  axis  ;  hence,  when  this  or  any  portion  of  it, 
as  one  aejDond,  is  our  unit,  we  have  an  invariable  standard 
by  which  we  may  compare  different  observations.  But  it 
must  particularly  be  remembered,  that  the  determination 
of  the  length  of  the  pendulum  is  the  result   of  a  ma- 

*  The  lengtb  near  the  equator  is  39*02  inches ;  at  latitude  79* 
about  39*21  inches,  and  at  London  39*13  inches. 
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thematical  calculation  founded  on  obseryations ;  some 
things  can  be  observed  directly,  and  some  must  be  calcu- 
lated from  indirect  observations ;  and  it  is  the  province  oi 
analysis  to  predetermine  what  is  to  be  observed^  and  what 
is  to  be  calculated. 

59.  Intensity  of  Gravity. — The  mathematical  theory  rf 
the  pendulum  establishes  a  constant  relation  between  the 
time  of  an  oscillation,  the  length  of  the  pendulum,  and  the 
force  of  gravity.  Now  it  is  the  necessary  consequence  cf 
this  relation,  that  where  any  two  of  the  quantities  are  given, 
the  third  may  be  found.  If,  then,  we  have  a  pendulum 
of  given  length  oscillating  seconds,  the  intensity  of  gra- 
vity may  be  calculated.  This  is  the  only  cerUdn  mode 
of  determining  it;  the  experiments  on  falling  bodies  are 
liable  to  numerous  inaccuracies,  but  the  observations  with 
the  pendulum  lead  us  at  once  to  an  exact  measui^  of 
the  accelerating  force  of  gravity.  If  the  calculation  be 
gone  through  on  this  principle,  we  shall  find  that  the 
force  of  gravity  will  generate  a  velocity  of  32*2  feet  in 
one  second ;  and,  consequently,  that  a  body  falling  freely 
from  rest  would  fall  through  16^  £eet  in  the  first  second. 
The  results  obtained  in  this  manner  agree  with  those  which 
may  be  obtained  by  Atwood's  machine,  and  the  inclined 
plane,  to  a  great  degree  of  accuracy.  When  pendulmn  ob- 
servations are  made  with  great  care  in  different  latitudes, 
the  accelerating  force  of  gravity  is  found  to  vary ;  thus  it 
is  found  to  be  less  at  the  equator  than  at  the  poles ;  it 
also  depends  on  the  distance  of  the  station  from  the  centre 
of  the  earth,  being  less  at  the  summits  of  high  mountains 
than  at  the  surface  of  the  earth.  All  observations  w^h 
have  been  recorded  shew  that  the  energy  of  gravity  is 
invariably  the  same  in  the  same  latitudes  at  the  lev^  of 
the  sea ;  for  this  is  the  fixed  surface  to  which  every  thing 
must  be  referred;  at  the  same  distance  from  the  earth's 
centre,  the  latitude  being  unchanged,  the  same  pendulum 
will  oscillate  in  precisely  the  same  time;  and  the  experi- 
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ments  made  with  tliis  instrument  are,  as  we  have  already 
stated,  the  only  ones  in  which  implicit  confidence  can  he 
Kposed. 

60.  Figure  of  the  Earth, — The  loftiest  mountains  on 
the  surface  of  the  glohe  are  but  most  minute  elevations 
when  compared  with  the  mass  of  the  whole  globe  itself; 
they  are  much  as  grains  of  sand  would  be,  scattered  on  a 
^be  of  ft  yard  radius:  similarly,  the  greatest  depths  of 
the  oceaa  are  but  inconsiderable  cavities.  Thus  the  earth 
viewed  in  its  whole  extent,  may  be  considered  as  sensibly 
x^ular,  and  may  be  taken  as  such  in  all  our  calculations. 
The  ancient  astronomers  had  discovered  the  curved  figure  of 
the  earUij  and  the  sphere  immediately  presenting  itself  as 
the  most  perfect  figure,  they  naturally  supposed  the  form  of 
the  earth  to  be  spherical ;  and  they  made  some  attempts  to- 
wards ascertaining  its  dimensions.  The  earth,  however,  is 
not  q^erical.  Newton,  from  theoretical  considerations,  an- 
nounced that  it  must  be  flattened  at  the  poles  and  bulge 
out  at  the  equator ;  and  this  statement  has  been  most  accu- 
rately verified  within  the  last  century  by  direct  measure- 
ment. The  simplest  pendulum  observations  will  enable  us 
to  declare  thi^  such  is  the  case :  but  the  important  ques- 
tion sSj  as  to  the  amount  of  these  deviations  from  the  sphe- 
rical form.  That  we  may  weigh  the  celestial  bodies  in  a 
balance,  and  determine  the  dimensions  of  the  solar  system, 
we  must  know  accurately  the  form  and  ipagnitude  of  our 
own  globe.  This  must  be  our  base  of  measurement,  our 
unit  of  calculation.  These  requisites  may  be  supplied  by 
ofasenrations  with  a  pendulum ;  the  observed  times  in  which 
the  same  simple  pendulum  oscillates  at  the  equator,  and  at 
the  poles,  or  the  observed  length  of  the  second's  pendulum 
at  these  .two  places,  will,  with  the  assistance  of  mathemati- 
cal calculation,  enable  us  to  determine  the  exact  form  of 
the  earth.  Of  the  nature  of  these  calculations  we  cannot 
here  attempt  to  give  the  least  idea,  but  we  are  confident  of 
their  exactness,  because  entirely  independent  methods  lead 
to  r^ults  which   differ  only  by  exceedingly  small  quan- 
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tities  from  those  furnished  by  the  pendulum.  The  process 
of  reasoning  is  neatly  as  follows :  the  earth  is,  both  from 
theoretical  considerations  and  direct  observation,  evidently 
not  a  sphere,  but  much  more  nearly  a  spheroid;  that  is, 
it  has  a  figure  slightly  flattened  at  the  poles,  and  elongated 
at  the  equator;  the  action  then  of  gravity  will  be  more 
intense  at  the  poles  than  at  the  equator;  the  variationf^ 
in  the  intensity  of  gravity  are  a  matter  of  ditecfe  oh* 
servation  with  the  pendulum;  hence  we  shall  be-  able 
to  determine  how  much  the  one  axis  exceeds  the  other, 
that  is,  what  is  the  amount  of  the  equatorial  excess. 
The  calculations  having  been  gone  through  on  these 
principles,  it  is  found  that  the  diminution  of  gravity  at 
the  equator  is  too  much  than,  reasoning  on  ot^er  prine^lei^ 
it  ought  to  be.  But  it  must  be  remembered  ihat  »o  ac- 
count has  been  taken  in  the  preceding  reasonings  cf. the 
rotation  of  the  earth  about  its  axis,  and  of  the  conseqn€Kit 
eifect  of  centrifugal  force  near  the  equator  (Art*  31), 
which  will  evidently  be  to  diminish  the  rate  of  a  falUng 
body,  and  consequently  the  rate  of  a  pendulum,  or  the 
apparent  intensity  of  gravity.  This  then  being  properly 
taken  into  the  account,  the  results  in  whatever  way  they 
are  arrived  at  agree  to  a  most  wonderful  degree  of  minute- 
ness. Respecting  the  slight  differences  which  do,  and  ever 
must,  exist  between  the  results  of  observation  assisted  by 
theory,  such  as  those  indicated  in  the  preceding  article,  and 
the  results  of  pure  theory,  such  as  that  of  Newton  and 
Laplace,  we  may  make  the  following  important  remarks. 
The  lengths  of  the  pendulums  from  which  we  deduce 
the  intensity  of  gravity  at  different  stations,  are  facts  en* 
drely  independent  of  any  hypothesis ;  the  only  errors 
which  can  exist  here  are  those  inseparable  from  observaticm ; 
but  liie  errors  of  pure  theory  are  those  incidental  to  the  hypo- 
theses which  it  necessarily  involves;  in  proportion  thea  as 
our  means  of  observing  improve,  and  our  knowledge  gives 
us  more  correct  hypotheses,  we  may  be  sure  that  the  results 
of  observation  and  of  theory  wiU  approach  more  and  more. 
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61.  Ufdi  of  Length  and  Weight, — It  is  of  thq  greatest 
importanoe  fortke  civil  and  commercial  relations  of  life 
that  tlie  standards  of  length  and  of  weight  should  be  in  van* 
ahle^  imd  lincapable  of  being  lost;  at  all  events  that  we 
shotdd.  have  the  power  of  verifying  their  exactness,  and  of 
comparing,  tihem  at  difierent  epochs  of  time.  For  this  pur- 
poie  we  must  call  in  the  assistance  of  the  great  globe  itself. 
In  the  uniform  rotation  of  the  earth  we  have  the  only  true 
measure  ^f  time^  and  in  its  dimensions  we  find  a  natural 
unit  for. the  measure  of  space.  The  attraction  of  the  earth 
combined  with  the  rotation  about  its  axis  enables  us,  by  the 
anistanee  of  mathematical  reasoning,  and  the  oscillations  of 
the  pendulum,  to  determine  another  standard  for  the  measure 
of  S|wuiei  which  may  at  any  time  be  verified;  thus  these  two 
itandards  are  a  check  on  each  other,  and  in  their  accurate 
agreoEoent  we  have  the  most  convincing  proof  and  strongest 
oonvietion  of  the  truth  of  our  calculations.  The  length  of 
the  pendulum  which  oscillates  seconds  in  the  latitude  of 
Oseeawich*  is  the  standard  of  British  measure.  If  the 
measures  were  remodelled,  it  would  be  convenient  to  take 
this  as  the  length  of  a  yard  ;  but  as  the  yard  was  fixed  long 
be&nre  this  test  was  known^  the  length  of  the  pendulum  is 
ej^rassed  according  to  the  established  measure.  Thus  the 
second's  pendulum  at  Greenwich  will  serve  at  any  time 
to  determine  what  the  yard  ought  to  be ;  and  also  all 
MtffilV?r  units,  as  feet  and  inches.  The  standard  of  French 
measure  is  derived  from  the  direct  measurement  of  the 
dimenaions  of  the  earth.  The  meridian  line  of  any  place 
may  be  determined  by  astronomical  observations^  and  any 
portion  of  the  arc  of  this  line  may  be  measured.  The 
ten^milllonth  part  of  the  quadrant  of  the  meridian  passing 
throng  the  observatory  of  Paris  is  the  metre ,  or  French 
unit  of  linear  measure ;  it  is  equal  to  dd'371  English 
indies;  and  the  centimetre  is  the  one-hundredth  part  of 
the  metre,  or  *39371  English  inches. 

*  Greenwich  is  chosen  being  the  place  of  the  Roval  Observatory. 

i2 
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The  standard  of  Britisb  weights  is  the  weight  of  a  cohic 
inch  of  pure  water  at  its  maximum  density  (Art.  66) :  this  is 
divided  into  252*458  portions^  called  grains;  and  of  the 
grains  so  determined^  7000  are  a  pound  avoirdupois^  and 
5760  a  pound  troy.  The  French  standard  of  weight  is  the 
weight  of  a  cubic  centimetre  of  pure  water  at  its  maximum 
density,  and  is  called  a  gramme;  it  is  about  nineteen 
English  grains. 

Both  the  English  and  French  standards  are^  theoreti- 
cally speaking,  equally  eligible;  practical  convenience 
would  lead  us  to  prefer  the  pendulum  standard,  but  prac- 
tical accuracy  gives  the  preference  to  the  measurement  of 
the  arc  of  the  meridian :  for  any  minute  error  committed 
in  determining  the  length  of  the  pendulum,  becomes  multi^ 
plied  by  the  repetition  of  the  unit  in  all  measurements  of 
considerable  length,  performed  in  yards;  but  any  error 
committed  in  the  determination  of  the  arc  of  the  quadrant 
of  the  meridian,  becomes  so  subdivided  in  the  final  result, 
that  the  repetition  of  the  unit  will  but  repeat  an  error  which 
can  never  become  Sensible ;  this  division  and  repetition  of  an 
error  is  one  of  the  most  important  practical  considerations 
in  Physics,  whenever  quantities  are  to  be  determined  with 
great  minuteness.*  The  presumed  permanence  of  the  great 
laws  of  nature,  which  all  experience  irresistibly  forces  on 
our  belief,  is  the  basis  of  our  faith  in  the  preceding  calcula- 
tions :  if  the  dimensions  of  the  earth  were  to  change  in 
form  or  magnitude,  the  inch  and  the  metre  would  be 
changed,  and  we  could  never  recover  their  length;  bnf 
then  every  thing  about  us  would  be  changed  also ;  the  rotii- 
tion  of  the  earth  would  not  have  the  same  period.  If  die 
composition  of  water  were  to  change,  or  if  gravity  changed 
its  intensity,  the  same  uncertainty  and  confusion  would 
result.  Thus  is  every  thing  in  our  most  fundamental 
principles  but  conditional;  and  science^  when  it  has  don^ 
its  best  by  establishing  its  basis  on  the  staMity  of  the 

*  Henchel'8  Study  of  Nat.  Phil.  p.  127. 
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uniyene^  has  bat  a  relative  existence,  and  the  scientific 
^)ecdlator  is  but  the  interpreter  of  nature  ta  it  at  present 
exista. 

62.  Universal  Graxiiation. — Hitherto  gravity  has  been 
considered  only  with  reference  to  falling  bodies ;  we  have 
seen  that  it  extends  to  all  accessible  heights  above  the  sur- 
&oe  o£  the  earthy  and  far  beyond ;  now  we  see  no  reason 
for  drawing  a  line  at  any  particular  height,  and  asserting 
that  there  it  mast  entirely  cease ;  why  then  should  it  not 
extend  to  the  moon?  We  know  that  the  moon  must  be 
acted  on  by  some  force  to  keep  it  in  its  orbit;  if  gravity 
be  nai  that  force,  there  must  exist  some  other ;  and  besides 
this,  gravity  must  oeaae  at  some  inferior  level,  or  the 
nature  of  the  moon  must  be  difierent  from  that  of  pon-* 
derable  matter:  for  if  not,  it  would  be  urged  by  both 
powers,  and  therefero  too  much  urged,  and  forced  inwards 
from  her  path.*  It  is  on  such  reasoning  that  Newton  is 
understood  to  have  rested  his  law  of  universal  gravitation ; 
the  next  step  was  to  compare  the  results  of  theory  founded 
on  this  h3rpothesis  with  the  known  laws  of  gravity  at  the 
Burfiioe.  For  this  purpose,  he  reasoned  on  his  law  of  uni- 
versal gravitation,  whjch  may  be  thus  stated;  '  Every  par- 
tide  of  matter  in  the  universe  attracts  every  other  particle, 
with  a  force  varying  inversely  as  the  square  of  the  dis« 
tance.'  Reasoning  on  this  law,  he  calculated,  from  the 
effect  which  the  earth  would  produce  on  a  mass  at  the 
distance  of  the  moon,  what  effect  it  ought  to  produce  on  a 
mass  nearer  to  it,  as  on  a  falling  body,  and  he  found  that 
the  result  obtained  by  calculation  agreed  with  the  observed 
laws  of  falling  bodies.  Thus  was  one  irresistible  argument 
famished  for  the  truth  of  his  law;  but  his  mighty  mind 
rested  not  here ;  it  pursued  the  same  reasoning  through  all 
the  universe,  having  extended  the  action  of  gravity  from 
the  earth  to  the  moon,  and  thence  to  the  sun,  he  saw  it 
pervading  the  whole  solar  system,  and  recognised  it  as  the 

*    Her8chel*s  Astrim<m'^t  236. 
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one  harmonious  law  of  the  universe.  Having  thus  briefly 
indicated  the  principles  on  which  the  theory  of  universal 
gravitation  was  first  established  by  its  immortal  author,  we 
must  dismiss  this  part  of  the  subject;  its  thorough  inves- 
tigation belongs  to  the  science  of  Physical  Astronomy.  .  It 
is  the  province  of  that  science  to  trace  out  the  steps  of  the 
Newtonian  Philosophy,  and  to  exhibit  the  irresistible  evi-» 
dence  on  which  the  law  ot  gravitation  rests.  It  is  oun 
humbler  task  to  trace  this  law  in  all  its  details,  at  the- 
earth's  surface,  and  to  shew  how  this  one  universal  prin- 
ciple pervades  and  influences  every  phenomenon. 

63.  Attraction  of  Mountains, — Since  every  particle  of 
matter  attracts  every  other  particle,  we  may  reasonably 
expect  that  a  large  mass  of  matter,  as  a  mountain,  will 
exert  some  sensible  action  on  the  surrounding  bodies.  If, 
for  instance,  a  stone  be  let  fall  down  a  precipice  by  the  side 
of  a  mountain,  we  might  expect  that  its  motion  will  be 
directed  towards  the  centre  of  the  mountain  rather  than 
towards  the  centre  of  the  earth.  But  when  we  consider 
that  the  largest  mountains  are  but  as  grains  of  sand  when 
compared  with  the  whole  mass  of  the  earth,  we  need  not  be 
astonished  at  their  eflects  being  insensible,  or  being  almost 
entirely  overbalanced  by  the  general  attraction  of  the  earth. 
Still,  however,  they  must,  if  the  law  of  universal  gravita- 
tion be  true,  produce  some  efiect  on  the  direction  of  a  £dl- 
ing  body ;  and  conversely,  if  this  deviation  can  be  detected, 
we  may  be  at  once  assured  of  the  universality  of  this  law 
for  all  matter,  and  that  there  is  no  Cartesian  vortex  round 
about  the  earth,  or  particular  afiection  towards  the  centre, 
by  which  all  bodies  are  constrained  to  descend. 

The  first  attempt  to  discover,  from  the  attraction  of 
mountains,  a  proof  of  the  universal  attraction  of  matter,  was 
made  by  Bouguer,  by  observing  the  effect  of  a  mountain  on 
the  direction  of  the  plumb-line.  There  arises  a  difficulty 
in  determining  whether  the  plumb-line  has  undergone  any 
deviation ;  for  the  same  cause  which  would  change  its  di- 
rection, would  also  change  the  position  of  the  surface  of 
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sdn  iVBler^  which  is  the  general  standard  by  which  the 
vertioafifty  af  the  line  is  ascertained ;  henoe  we  cannot  de- 
tontine  ;the  question  directly ;  for  howev^  the  line  may 
be^made  to  d«yiate£rom  the  vertical^  it  will  be  perpendicu« 
laf  to  «tiii  water,  whosis  surface  will  suffer  precisely  the 
same  de?iation  frcnn  the  horizontal.  Eecourse  must  there- 
fore be  had  to  the  stars  >  astronomical  observa^ons  can  alon^i 
gure  OS  a  fixed  direction  for  experiments  of  this  nature.  It 
w«  on  the  side  of  part  of  the  mountain  chain  of  Chimboraco, 
in  Peru>  which  forms  one  of  the  largest  mountains  in  the 
world,  that  Bouguer  made  his  experiments,  and  notwith-^ 
standing  the  almost  insuperable  difficulties  which  presented 
themsehres,  he  succeeded  in  his  design,  and  clearly  recog- 
nised a  deviation  of  7"  or  8"  due  to  the  attraction  of  the 
mountain. 

'  The  most  important  observations  which  have  been  made 
QH  this  sobject  were  those  of  Maskelyne^  on  the  attraction 
of  Schellalion,  a  mountain  in  Scotland,  which  from  its 
isolated  positicm  is  peculiarly  adapted  for  observations  of 
this  kinuL  The  greatest  care  was  taken  by  that  philosopher, 
and  he  elearly  established  a  deviation  of  54",  or,  nearly  1'. 
Ftam  this  it  is  evident  that  mountains  do  act  on  a  plumb- 
line,  and  produce  a  sensible  deviation,  the  amount  of  which 
depends  on  their  mass,  and  on  the  nature  of  the  substances 
which  eompose  them.  These  experiments  were  made  by 
Maskelyne  with  the  special. view  of  determining  the  mean 
de&sity  of  the  earth,  which  he  calculated  at  about  4^  times 
the  density  ci  water.  Recent  calculations  have  been  made 
on  this  subject  by  Carlini,  from  a  series  of  pendulum  ob- 
servations, and  he  obtains  nearly  the  same  value  for  the 
demitfyof  the  earth  as  that  obtained  by  Maskelyne. 

64^  £xpenments  of  Cavendish.-^We  owe  to  Cavendish 
mother  proof  of  the  principle  of  the  universality  of  the 
tttreetaon  of  matter  upon  matter,  and  a  different  deter- 
xninatioo  oi  the  mean  density  of  the  earth.     This  dis- 

•  In  1772. 
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tdnguished  philosopher  conceived  the  idea  of  having  a  long 
thin  rod  with  small  balls  at  each  end  accurately  balanced  in 
a  horizontal  position^  by  a  fine  thread  attached  to  its  middle 
point.  This  lever  is  a  species  of  pendulum,  which  inay  osdl- 
late  backwards  and  forwards  in  a  horizontal  plane  by  the 
horizontal  attraction  of  two  masses^  brought  near  its  ends  on 
opposite  sides;  just  as  the  common  pendulum  makes  oscil- 
lations in  a  vertical  plane,  from  the  attraction  of  the  mass  of 
the  earth  in  a  vertical  direction.  Two  large  masses  of  lead 
were  brought  near  the  small  balls  at  the  end  of  this  lever 
when  perfectly  at  rest,  but  on  opposite  sides^  so  that  the  effect 
of  each  would  be  to  move  the  lever  in  the  same  direction ; 
the  lever  will  begin  to  raove^  and  continue  to  make  oscil« 
lations  as  long  as  the  large  masses  are  near  the  balls.  This 
is  the  most  unexceptionable  proof  of  the  attraction  of  matter 
on  matter  which  can  possibly  be  conceived ;  the  motion  of 
the  lever  is  most  certainly  due  to  the  attraction  of  the  masses 
of  lead^  and  the  force  is  evidently  the  same  in  kind  as  that 
by  which  a  body  falls  to  the  earth ;  the  only  difference  in 
these  two  forces  arises  from  the  difference  of  the  attracting 
masses.  This  fundamental  fact  of  the  attraction  of  the 
balls  being  established^  we  have  only  to  observe  the  time  of 
the  oscillations^  and  the  length  of  the  lever>  the  centre  of 
the  great  masses  being  considered  as  the  centres  of  attract 
tion.  From  these  observations,  incomparably  more  accu- 
rate than  any  which  can  be  made  on  the  attractions  of  a 
mountain.  Cavendish  determined  the  mean  density  of  the 
earth  to  be  about  5^  times  the  density  of  water.  The  den- 
sity thus  assigned  by  Cavendish  is  not  at  all  greater  than 
might  be  conjectured  from  pendulum  observations.  Newton 
had  long  before  advanced  it  as  a  probable  supposition  that 
the  density  of  the  earth  might  be  about  fiv&  or  six  times 
that  of  water ;  and  the  perfect  agreement  of  the  result  of 
many  modem  experiments  with  this  conjecture,  is  one 
l^oof,  among  many  others,  of  the  wonderful  accuracy  and 
penetration  of  that  philosopher. 

65,  Concluding  Remarks,— ^We  cannot  leave  this  subject 
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without  taking  a  brief  review  of  the  peculiar  method  of 
reaaoning  which  is  employed  in  the  establishment  of  the 
hiws  at  which  we  have  arrived,  and  briefly  stating  the  iUus- 
tration  which  may  be  derived  from  the  pendulum  of  the 
establishment  of  physical  laws  and  theories. 

The  theory  of  the  pendulum  is  essentially  a  mathemati* 
cal  theory ;  the  simple  pendulum  is  a  mere  h3rpothesis,  and 
the  laws  of  its  motion  xaust  consequently  be  ascertained  by 
analysis.  Hence  is  obtained  a  relation  betwixt  the  length 
of  the  imaginary  string  which  sustains  the  oscillating  imagi« 
naiy  partide,  the  time  of  its  vibrations,  and  the  intensity 
of  the  force  to  which  it  owes  its  motion,  or  gravity.  Next, 
the  theory  of  the  motion  of  a  solid  mass  points  out  certain 
cases  in  which  the  motions  of  a  pendulum,  such  as  we  can 
Bttke,  are  identical  with  the  preceding  imaginary  pendu- 
lum. Thus,  then,  we  obtain  an  instrument  with  which 
observations  can  be  made,  and  the  laws  of  whose  motions 
are  exactly  defined  by  theory.  The  next  step  is  to  apply 
this  pendulum  in  observations ;  here  practical  considerations 
and  theocy  together  determine  what  is  to  be  observed.  In  the 
equation  which  theory  gives,  and  by  which  it  connects  to* 
gether  the  time  of  a  pendulum's  vibration,  its  length,  and 
the  intensity  of  gravity,  it  may  at  first  sight  appear  indif- 
ferent which  two  of  these  three  quantities  are  observed,  since 
the  third  can  then  be  calculated ;  but  if  all  could  practically 
be  observed,  there  would  be  no  necessity  for  the  assistance  of 
the  mathematical  theory.  In  this  case,  however,  the  time 
and  length  may  be  observed,  but  the  force  of  gravity  can-* 
not :  it  must  be  calculated  from  the  other  two.  Thus,  we 
see  how,  in  the  case  of  the  pendulum,  theory  and  experi- 
ment are  combined  to  obtain  an  accurate  result.  Had  the 
int^isity  of  gravity  been  determined  by  Atwood's  machine, 
or  in  any  other  manner,  then  the  length  of  the  pendulum 
would  be  calculated  from  this,  and  the  time  of  its  vibrar* 
iion.  But  the  pendulum  presents  far  greater  facilities 
for  the  determination  of  the  intensity   of  gravity  than 
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any  other  instrument ;   and  it  is  emji^oyed  fcnr  this  piu> 
pose  in  preference  to  all  others. 

Again^  the  pendulum  furnishes  us  with  distinct  evidence 
of  the  complete  truth  of  the  laws  of  motion.  It  does  not 
supi^y  a  separate  proof  for  each  law^  but  a  complete  ved&> 
cation  of  all  three.  For  instance,  the  first  law  c^  modba 
asserts,  that  a  body  in  motion  will  go  on  movingv.for-  ev^ 
unless  acted  on  by  some  external  force ;  now  we  are  con- 
vinced that  a  pendulum  would  go  on  swinging  for  gv&,  if 
the  resistance  of  the  air  and  friction  could  be  ^itirel^  c»* 
moved.  The  motion  of  the  pendulum  is  in  no  case  secti- 
linear,  but  its  curvilinear  motion  is  in  exact  eonformty 
with  the  second  law  of  motion,  and  thus  the  motions  of  a 
pendulum  may  be  considered  as  establishing  these  turo 
laws.  The  real  conviction,  however^  which  we  have  ef-Ihe 
truth  of  the  laws  of  motion  results,  as  has  been  already 
stated,  on  the  extraordinary  agreement  of  long«calculated 
results^  obtained  on  the  supposition  of  their  truth,  with  the 
actual  observed  fact.  Were  the  laws  of  motion  not  true 
for  the  celestial  bodies,  the  whole  {danetary  theory  and  its 
predictions  would  rest  on  untrue  hypotheses;  but  we  have 
the  most  perfect  confidence  in  the  results,  and  a  thorough 
conviction  of  their  truth;  the  hypotheses,  therefore,  or  the 
laws  of  motion  on  which  they  rest,  cannot  be  untrue. 

The  pendulum,  as  we  have  already  seen,  furnishes  us 
with  a  most  sure  method  of  ascertaining  whether  the  pre- 
dictions of  Newton,  and  the  laws  of  gravity  at  the  surface  of 
the  earth,  are  true  or  false  ;  it  also  furnishes  us  with  an  ex- 
ample of  what  was  termed  (Art.  3.)  the  determination  of 
constants.  We  may  determine  any  one  of  the  three  quanti- 
ties, the  time,  the  length,  the  force,  by  assuming  the  laws 
for  two  of  them.  For  instance,  suppose  the  length  of  the 
pendulum  to  be  the  constant  to  be  determined ;  we  know 
now  that  the  time  of  an  oscillation  depends  on  the  intensity 
of  gravity ;  we  know  also  that  the  force  of  gravity  varies 
with  the  latitude ;  the  laws  of  these  two  variable  quantities 
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being  ufiumedy  or  supposed  known,  we  may  proceed  to  de- 
termine by  calculation  the  constant  length  of  the  pendulum. 
I^  on  the  calculations  being  made  for  the  assumed  time  of 
oicillatioti  and  force  of  gravity  at  London^  Paris^  and  the 
Cape,  the  length  comes  out  the  same,  we  have  very  high 
ende&ceof  the  truth  of  the  principles  which  lead  to  such  an 
invariable  result. 

In  oondttsion,  we  must  call  the  attention  of  the  student 
to  the  general  illustration  which  the  pendulum  affords  of 
aM  OfeillAtory  movements.  We  shall  hereafter  have  several 
iattanoea  in  which  the  particles  of  bodies  are  said  to  per- 
Ibrm  oadllations  that  is,  move  backwards  and  forwards 
about  some  mean  position,  which  was  their  position  of  rest. 
The  language  and  laws  of  the  oscillations  of  a  pendulum 
aie  8t  once  transferred  to  these.  The  motions  of  the  parti- 
d&B  axe  said  to  be  isochronous,  that  is,  each  takes  the  same 
time  to  pass  and  repass  from  one  extreme  position  to 
another.  A  most  important  illustration  of  the  preceding 
remarks  will  be  furnished  in  treating  of  Acoustics.  The 
partidef  of  any  sounding  body,  as  a  bell,  execute  regular 
osdllations,  or  go  through  a  periodic  series  of  isochronous 
movements ;  when  these  oscillations  cease,  the  bell  ceases  to 
sound. 
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CHAP.  VI. 

ON    FLUIDS. 

Section  I. 

GSNEKAL    PROPBBTIES    OP    FLUIDS — TKANSMXSSION   OF    PaSSSURE— 

CONDITIONS  OF  EQUILIBRIUM. 

66.  The  existence  of  matter  in  its  three  different  states 
depends  on  the  relative  adaptation  of  the  forces  to  which 
the  particles  are  subject ;  in  solid  matter  the  force  of  co- 
hesion is  very  greats  but  the  particles  of  fluid  matter  can 
be  moved  amongst  each  other  without  any  sensible  resist- 
ance. Fluids  are  generally  divided  into  liquids  and  gases ; 
in  the  former,  the  forces  of  attraction  and  repulsion  seem  to 
be  very  nearly  balanced  ;  but  in  the  latter,  the  force  of  re- 
pulsion is  such  that  the  particles  will  recede  from  each  other 
unless  prevented  by  some  extraneous  force,  as  the  resistance 
of  the  sides  of  the*  containing  vessel.  The  attraction  of  co- 
hesion does  exist  in  some  small  degree  amongst  the  particles  of 
a  liquid ;  for  a  drop  of  water  generally  assumes  a  form  which 
is  nearly  spherical.  This  form  is,  however,  considerably  modi- 
fied by  the  action  of  gravity,  and  by  the  attraction  of  the 
mass  with  which  it  is  in  contact.  The  particles  of  a  liquid 
adhere  also  with  different  degrees  of  force  to  different  solids ; 

some  cases  they  do  not  adhere  at  all,  or  the  solid  cannot 
be  wetted  by  the  liquid.  These  forces  of  cohesion  and  of 
adhesion  may  be  measured  by  direct  experiment ;  if  a  flat 
plate  be  brought  into  contact  with  the  surface  of  a  liquid^ 
a  greater  force  will  be  required  to  raise  it  again  than  is  re- 
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quired  to  sustain  the  simple  weight  of  the  plate.  The 
excess  of  this  force  above  that  which  would  sustain  the 
plate^  measures  the  force  of  the  cohesion  of  the  liquid,  or 
of  the  adhesion  betwixt  it  and  the  plate. 

The  distinction  of  fluids  into  liquids  and  gases,  or  in- 
elastic and  elastic  fluids,  is  convenient,  and  in  some  cases 
necessary ;  they  have,  however,  many  common  properties, 
and  the  following  articles  will  generally  apply  to  both.  All 
fluids  are  subject  to  the  general  law  of  expanding  by  heat, 
and  contracting  by  cold ;  but  the  amount  of  the  dilatation 
or  contraction  for  given  changes  in  the  temperature  is  very 
varied.  Water  follows  a  remarkable  law,  it  contracts  as 
the  temperature  decreases,  but  when  the  temperature  has 
reached  to  40^  Fahrenheit,  the  contraction  stops,  and  the 
density  of  the  water  is  at  a  maximum  ;  for  if  the  tempera« 
ture  be  still  further  reduced,  the  water  begins  to  expand, 
and  the  expansion  continues  gradual  to  the  freezing  point ; 
when^  at  the  instant  of  solidification,  a  sudden  and  large 
expansion  tidies  place.  We  shall  return  hereafter  to  the 
subject  of  the  expansion  and  contraction  of  fluids  for  given 
changes  in  the  temperature. 

67.  Compressibility. — The  experiments  on  the  compressi* 
liUty  of  water  have  considerable  historical  interest.  The 
academicians  of  Florence  conceived  that  they  had  succeeded 
in  establishing  the  incompressibility  of  water  in  the  follow- 
ing manner.  A  sphere  of  gold  was  filled  with  water,  and 
tocurately  closed ;  the  sphere  was  then  put  into  a  press,  and 
inbjecfced  to  pressure,  when  some  of  the  water  appeared  on 
the  outside,  an  small  drops,  like  dew,  having  been  forced 
through  the  pores  of  the  gold.  This  escape  of  the  fluid 
was  supposed  to  prove  its  incompressibility,  but  it  can  only 
prove  that  water  may  be  pressed  through  the  pores  of  gold 
mofe  easily  than  it  can  be  compressed.  And  had  the  ex- 
periment been  attended  with  a  diflerent  result ;  had  the 
water  appeared  to  yield  to  the  pressure,  and  not  been 
forced  through  the  gold,  this  fact  would  not  have  proved 
the  compressibility  of  the  water,  unless  the  philosophers 


100  ELEMENTS  OF  PHYSIOS.  CHAP.  VI. 

could  kave  been  sure  that  there  was  no  extension  oi  the 
gold,  so  that  the  apparent  diminution  in  the  bulk  of  the 
water  was  owing  to  the  yielding  of  the  metal. 

But  there  are  some  well-known  facts  indicating  at  once 
the  compressibility  of  water.  It  is  well  known  that  if  a 
bottle  be  filled  with  pure  water,  corked,  and  sunk  to  a 
sufficient  depth  in  the  sea,  the  water  will  acquire  a  saltish 
taste ;  from  this  it  was  inferred  that  the  cork  had  been 
l^ressed  in;  and  to  ascertain  this  with  accuracy  Mr.  Per- 
kins employed  a  copper  flask,  with  a  stopper^  so  tcontrived 
that  he  could  at  once  determine  whether  the  stopper  had 
been  pressed  in,  and  how  far.  On  sinking  this  in  deep 
water,  it  appeared^  that  the  stopper  had  been  pressed  in, 
and  consequently  that  the  water  had  been  made  to  occupy 
a  less  space,  or  had  been  compressed.  This  is  a  most  de- 
cisive experiment,  and  can  admit  of  no  other  explanadon ; 
the  flask  cannot  yield  in  any  manner ;  for  the  compress- 
ing forces  beings  as  we  shall  see  presently,  the  pressure  of 
the  superincumbent  fluid,  the  pressures  are  equal,  both  on 
the  inside  and  the  outside  of  the  flask,  according  to  the 
characteristic  law  of  fluids  (Art.  68) ;  hence  there  can  be 
no  yielding  or  distortion  of  the  flask  in  this  or  any  similar 
experiments.  It  is  found  that  at  the  depth  of  1000  fathoms 
water  is  compressed  by  about  ^*h  of  its  bulk. 

This  experiment  proves  also  the  elasticity  of  water ;  for 
the  stopper,  after  having  been  pressed  in,  always  reascends 
to  its  original  position,  as  the  flask  is  drawn  up ;  that  is,  the 
water  having  been  compressed,  resumes  its  original  bulk 
by  virtue  of  its  elasticity  (Art.  1 1 ),  so  soon  as  the  forces 
to  which  it  is  subject  cease  to  act.  We  shall  see  other 
proofs  of  the  elasticity  of  water,  in  speaking  of  sound ;  for 
this  medium  will  transmit  sound,  which  cannot  be  trans- 
mitted except  by  vibrations,  whose  existence  imply  elas- 
ticity. These  remarks  apply  equally  to  other  liquids,  as 
oil,  mercury,  but  their  degrees  of  compressibility  and 
elasticity  are  very  diflerent.  The  gases,  as  has  been  al- 
ready observed  (Art.  11),  possess  these  qualities  in  an  emi* 
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nent  idegree;  so  that  there  is  no  known  fluid  exonpt  from 
this  law. 

68.  Equ€d  Transmission  of  Pressure. ^^Th^  character- 
istic distinction  hetween  fluids  and  solids  is  the  equal  trans* 
mission  of  pressure,  which  is  the  property  of  the  former. 
Solids  transmit  a  pressure  only  in  one  direction,  namely,  in 
Uie  direction  in  which  it  is  impressed;  hut  fluids  transmit 
a  pressure  in  erery  direction  throughout  their  entire  mass. 
If  we  press  a  solid  with  the  hand,  we  know  that  it  will 
yield  principally  in  the  direction  in  which  we  press  it,  but 
if  we  grasp  in  our  hands  any  flexible  vessel  full  of  fluid, 
as  a  Idadder  containing  air  or  water,  we  know  that  the 
parts  under  our  fingers  are  not  more  pressed  than  every 
other  part  of  the  fluid.  The  pressure  which  takes  place 
at  any  one  part  is  transmitted  to  every  other  part*  And 
this  is  die  peculiar  character  of  a  fluid;  all  fluids  have 
weight,  but  the  equal  transmission  of  pressure  is  a  pro- 
perty unconnected  with  the  force  of  gravity;  we  can,  in 
imagination,  conceive  a  mass  of  fluid  deprived  of  its  weight, 
but  retaining  its  fluid  character,  that  is,  not  subject  to  the 
action  of  gravity,  but  only  to  the  laws  of  its  own  molecular 
Ibroes ;  if  any  portion  of  such  a  mass  be  subjected  to  pres* 
sure,  then  every  other  portion  will  be  subjected  to  an  equal 
pressure.  This  may  be  shewn  experimentally  in  the  fol» 
lowing  manner. 

Let  the  accompanying  figure 
represent  a  vessel  full  of  fluid, 
having  any  number  of  equal  por- 
tions of  its  surfaces  removed  and 
r^laced  by  pistons;  then  if  any 
one  of  these  pstons,  as  A,  be 
pressed  in  with  a  given  force, 
all  the  others  will  start  out,  unless  an  equal  force  be  applied 
to  all  of  them.  The  pistons^  b,  c,  d,  may  be  situated  any 
where;  hence  it  is  evident  that  the  pressure  is  equal  on 
all  equal  portions  of  the  surfaces  wherever  situated. 

ThA  pressure  which  is  exerted  on  the  fluid  will  evidently 

k2 
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be  proportional  to  the  size  'of  the  piston,  that  is,  to  its 
base ;  but  the  important  fact  to  be  borne  in  mind  is,  that  a 
pressure  exerted  on  any  portion  of  the  surface  will  cause  an 
equal  pressure  on  every  equal  portion  thronghout  the  whole 
surface.  Any  one  of  the  pistons  may  be  conceived  as 
balancing  all  the  rest.  Suppose  now  that  the  whole  of  one 
side  of  the  vessel  is  replaced  by  pistons ;  then,  if  the  pres^ 
sure  whidi  one  piston  exerts  on  the  fluid  be  one  pound,  the 
whole  pressure  on  this  side  will  be  as  many  pounds  as  the 
side  contains  areas  equal  to  the  area  of  the  piston.  Hence 
we  may  understand  the  hydro- mechanical  press  of  Bramah; 
a  small  piston  exerts  a  pressure  on  a  portion  of  the  surface 
of  water,  which  communicates  with  the  surface  of  a  large 
piston.  If  the  large  piston  have  1000  times  more  area 
than  the  small  piston,  one  pound  placed  on  the  small  piston 
will  sustain  lOOOJ  pounds  placed  on  the  large  one.*  Thn^ 
a  fluid  may  be  regarded  as  a  machine  for  the  transmission 
of  pressure;  other  machines  transmit  force  in  particolar 
directions,  and  with  particular  modifications,  but  a  fluid 
transmits  it  in  all  directions  eqiJ^ally. 

69»  libtstraiiona, — The  practical  applications  which  de-* 
pend  on  the  preceding  principle  of  the  equal  transmission 
of  pressure  in  all  directions  are  exceedingly  nmnerons. 
Every  one  has  heard  of  a  safety  valve;  now  the  whole 
dependence  and  faith  which  we  put  in  these  is  derived 
from  our  conyiction  of  the  truth  of  this  princi{4e.  Were  a 
fluid  not  equally  pressed  on  all  equal  pcnrtions  of  its  oon- 
taining  vessel,  a  pressure  might  exist  in  one  part  of  a  vessel 
sufficient  to  burst  it ;  so  that  unless  the  safety  valve  were 
placed  at  this  particular  part  we  should  never  be  in  se-^ 
curity.  But  acquainted  with  this  principle,  we  place  the 
safety  valve  according  to  convenience  at  any  part  of  iko 
containing  vessel  which  is  in  free  communication  with  the^ 
parts  subject  to  pressure,  and  know,  that  whenever. the 
pressure  becomes  too  great  at  any  part  of  the  fluid,  the 

*  Webster's  Principles  of  Hifdroitatics,  ch*  is. 
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▼alve  will  be  opened^  and  the  pressure  will  be  relieved  by 
the  escape  of  some  of  the  fluid.  Thus,  in  steam  engine 
boilexs  the  safety  valve  may  be  at  any  part  of  the  con- 
taining vessels  with  which  the  steam  is  in  constant  contact^ 
and  it  is  generally  placed  at  the  end  of  a  short  pipe^  just 
above  the  boiler.  Suppose  now  a  steam  boiler  is  constructed 
to  bear  a  pressure  of  20  lbs.  on  every  circular  inch,  that  is^ 
OQ  every  small  circular  portion  of  an  inch  in  diameter,  with«< 
out  the  least  danger  of  bursting,  and  that  from  any  cause, 
as  from  the  sudden  increase  of  the  fire,  or  the  stoppage  of 
die  engine,  there  is  more  steam  than  usual  in  the  bmler, 
and  that  the  pressure  becomes  increased  to  21  lbs.  on  the 
circular  inch,  the  safety  valve  will  open,  and  the  steam 
will  continue  to  issue  out  until  its  elastic  force  is  dimi- 
nished by  1  lb.  on  the  circular  inch,  when  the  valve  will 
immediatdy  close. 

Bellows  for  blowing  furnaces  may  be  made  of  any 
shape,  and  the  orifice  through  \vhich  the  blast  is  to  issue 
may  be  made  in  any  part  of  the  bellows ;  and  a  comm<» 
pair  of  bellows  might  be  fitted  with  a  snout  at  any  part 
without  producing  any  effect  on  the  magnitude  of  the 
blast. 

70.  Remarks. — The  preceding  are  perfect  illustrations 
of  the  equal  transmission  of  pressure,  or  of  the  equality  of 
pressure,  as  it  is  sometimes  termed,  and  many  others  will 
readily  present  themselves.     The  point  especially  to  be 
attended  to  is,  that  the  pressures  here  spoken  of  are  essen- 
tially distinct  from  what  is  usually  meant  by  the  pressure 
of  a  fluid  under  ordinary  circumstances.     The  pressures 
juit  spoken  of  are  impressed  from  some  extraneous  cause 
on  a  fluid  contained  in  a  vessel,  and  completely  filling  that 
veneL  The  use  of  the  vessel  is  to  keep  the  particles  of  the 
floid  together,  so  that  the  fluid  may  be  acted  on  as  a 
QUtdiine  by  any  pressure  which  may  be  made  upon  it. 
In  all  the  preceding  cases  the  fluid  may  be  supposed  to  be 
without  weight.     But  in  ordinary  cases,  when  we  speak 
of  the  pressure  of  a  fluids  we  mean  the  pressure  which 
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arises  from  the  weight  of  the  fluids  when  the  fluid  is  not 
contained  in  a  closed  vessel.  The  former  pressures^  or 
those  which  we  have  spoken  of  as  arising  from  some  ex- 
traneous or  impressed  forces,  are  the  same  at  every  part 
of  the  vessel ;  the  latter  pressures,  or  those  which  arise 
from  the  weight  of  the  fluid/  are  greatest  at  the  lowest 
parts,  and  their  magnitude  depends  altogether  on  the  po- 
sition of  the  part. 

71.  Form  of  Surface* — The  preceding  articles  have 
treated  of  the  properties  of  fluids  not  considered  subject 
to  gravity^  and  contained  in  a  closed  vessel^  so  that  the 
form  which  any  portions  of  their  surfaces  assume  will  de- 
pend on  the  shape  of  the  containing  vessel ;  but  we  shall 
now  consider  fluids  as  subject  to  gravity^  and  free;  thatis^ 
Uieir  surfaces  being  at  liberty  to  assume  their  natural 
forms.  Under  these  circumstances^  let  the  surfaces  of  a 
fluid  contained  in  any  number  of  vessels  which  communi- 
cate and  stand  near  each  other  be  observed ;  it  will  be 
seen  that  all  the  surfaces  are  in  the  same  horizontal  line : 
lor  if  a  line  touch  any  two  of  the  surfaces,  that  line  pro- 
duced will  touch  all  of  them^  and  will  appear  parallel  to 
the  horizon,  so  that  all  the  surfaces  will  be  in  the  same 
horizontal  plane.  If  the  surface  of  a  fluid  contained  in  a 
large  tub  be  observed,  every  part  of  it  will  appear  to  be 
in  the  same  horizontal  plane. 

This^  which  is  thus  derived  from  observation^  may  be 
^hewn  to  be  the  necessary  consequence  of  the  action  of 
gravity  on  the  particles  of  a  fluid  mass.  We  know^  from 
aqierienc3e>  that  gravity  produces  the  same  effects  on  every 
particle  of  matter,  situated  at  the  same  distance  from  the 
oentre  of  the  earth.  Now  all  points  near  each  other  oa 
the  earth's  surface,  and  at  the  same  distance  from  the 
earth's  centre,  may  be  considered  as  situated  in  the  same 
horizontal  plane.  Hence,  when  the  surface  is  horizontal^ 
every  particle  will  be  equally  acted  on  by  gravity^  and 
there  will  be  equilibrium;  but  ii  the  surface  be  nothori*- 
ao&tal,  some  particles  will  be  more  acted  on  than  others^ 
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unequal  pressures   will  consequently  be  transmitted  in 
every  direction^  and  the  fluid  will  not  be  at  rest. 

A  small  extent  therefore  of  the  surface  of  still  water  is 
horizontal ;  and  the  same  is  true  for  all  other  fluids  sub^ 
ject  to  gravity^  so  that  a  small  portion  of  the  surface  of 
the  atmosphere  which  envelopes  us  is  also  horizontal; 
since  this  also  is  subject  to  the  action  of  gravity. 

The  preceding  reasoning  may  be  considered  as  sufficient 
when  gravity  is  the  only  force  to  which  the  fluid  is  subject. 
But  we  may  have  many  other  forces  acting  on  a  fluid ;  the 
form  of  its  free  surface  will  depend  upon  these  forces^ 
and  be  subject  to  the  following  invariable  condition ;  ^  That 
the  surface  must  at  every  point  be  perpendicular  to  the 
resultant  of  the  forces  which  act  at  that  point.'  This  theo- 
retical condition  is  evidently  verified  by  the  preceding 
remarks^  for  gravity  being  the  only  force,  and  its  direction 
being  parallel  for  all  near  points^  any  small  extent  of  sur- 
face must  be  a  plane. 

72.  Surfaces  perpendicular  to  resultant  of  forces. — ^The 
application  of  the  principle^  that  the  surface  of  a  still  fluid 
is  perpendicular  to  the  direction  of  the  force  which  acts 
upon  it,  shews  that  a  large  extent  of  water  must  be  nearly 
spherical^  while  at  the  same  time  a  small  portion  is  appa- 
rently plane.  The  same  principle  must  be  applied  in  many 
other  remarkable  phenomena.  When  the  particles  are 
acted  on  by  any  other  force  than  gravity,  the  surface  will 
not  then  be  perpendicular  to  gravity  only,  but  to  the  resul- 
tant of  the  forces  which  act  upon  it.  Thus,  the  centri- 
fugal force  arising  from  the  rotation  of  the  earth,  when 
combined  with  gravity,  is  compounded  into  a  third  force, 
and  it  is  the  resultant  of  these  to  which  gravity  is  perpen- 
dicular. Hence  it  is  that  the  surface  of  the  sea^  and  also 
of  the  earth,  is  more  curved  at  the  equator  than  at  the 
poles.  Near  great  mountains,  whose  attraction  is  sufficient 
to  cause  a  deviation  in  the  plumb-line  (Art.  63) ,  the  sur- 
face of  still  water  will  not  have  its  regular  form,  but  it 
will  adapt  itself  so  as  to  be  perpendicular  to  the  resultant 


106  ELEMENTS  OF   PHYSICS.  CHAP.  YI. 

of  the  forces  which  act  upon  it ;  and  similarly^  when  the 
moon  passes  over  any  place>  its  attractive  force  compounded 
with  gravity  gives  a  resultant  whose  direction  is  different 
fix)m  the  direction  of  gravity;  and  it  is  this  attempt  of 
the  surface  constantly  to  adapt  itself  to  the  proper  f(»rm 
which  gives  rise  to  the  periodic  motions  of  the  tides. 

But  there  are  many  other  phenomena  referable  to  the 
same  principle;  it  is  known  perfectly  well  that  water  in 
any  vessel  is  elevated  at  the  edges  where  it  is  in  contact 
with  the  vessel,  and  that  mercury  is  depressed;  and  when 
the  fluid  is  contained  in  small  tubes^  the  effect  is  so  great 
that  the  whole  surface  becomes  curved — ^being  concave  in 
water,  and  convex  in  mercury.  Now  gravity  is  not  the 
only  force  which  acts  here ;  there  are  two  other  forces^  the 
mutual  attractions  of  cohesion  which  subsist  between  the 
psuticles  of  the  fluids  and  of  adhesion  betwixt  them  and  the 
containing  vessel.  It  is  to  the  resultant  of  these  three 
forces  that  the  fluid  surface  is  to  be  perpendicular ;  and  the 
degree  of  curvature  depends  on  the  ratio  of  the  intensity  of 
the  two  molecular  forces. 

73.  Level  Surface, — In  many  cases  the  term  level  is  the 
same  as  horizontal^  and  this  may  be  taken  as  its  true 
meanings  when  only  a  small  extent  of  surface  is  referred 
to ;  but  it  has  a  very  different  meaning  when  we  speak  of 
a  great  extent  of  surface^  as  the  sea^  a  large  lake^  or  ex» 
tended  plain.  The  horizontal  plane  or  surface  is  in  these 
cases  a  tangent  plane  to  the  level  surface.  We  may  define 
a  level  as  that  surface  into  which  water  forms  itself  when 
subject  to  the  laws  of  gravity ;  and  we  must  see  what  sort  of 
surface  observation  and  theory  will  decide  this  to  be. 

The  earth's  figure  may  be  considered  as  spherical ;  for 
the  slight  deviation  from  this  form  may  be  disregarded  in 
the  present  inquiry.  Now^  the  inequalities  which  exist 
on  the  surface  of  the  earth  do  not  exist  at  all  on  the  sur- 
face of  a  calm  sea ;  but  this  surface^  if  continued  uninter- 
ruptedly, would  present  a  surface  uniformly  curved,  and 
very  nearly  spherical.     Such,  then,  is  the  form,  accord- 
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ing  to  observation.  If,  now,  we  consider  the  action  of 
gravity^  it  will  be  evident  that  a  surface  of  no  other  form 
can  be  at  rest.  If  the  surface  have  not  all  its  points  at  the 
same  distance  from  the  earth's  centre^  the  particles  will  be 
unequally  acted  on,  and  there  can  only  be  equilibrium 
whan  they  have  all  settled  down  into  a  spherical  form. 
This  8ur£eice^  then^  of  equilibrium,  or  spherical  surface,  as 
we  may  at  present  consider  it,  is  a  level  surface,  and  if  the 
whole  globe  were  fluid,  as  once  was  probably  the  case,  or 
entirely  covered  with  water,  there  would  be  but  one 
level.  But  as  the  world  now  exists,  there  are  many  sur- 
hcea,  and  consequently  many  levels ;  these  are  situated  at 
different  distances  from  the  earth's  centre,  and  one  level  is 
said  to  be  above  or  below  another,  according  as  it  is  at  a 
greater  or  a  less  distance  from  the  centre  of  the  earth. 

The  vast  ocean  of  water  which  surrounds  our  globe, 
fumidies  a  level  to  which  all  other  levels  are  referred. 
The  level  of  the  sea  is  the  standard  by  which  we  compare 
'the  devations  of  the  mountains  and  continents  of  different 
parts  of  the  earth.  Thus,  some  large  tracts  of  land,  as 
ooe  in  the  interior  of  Africa,  are  below  the  level  of  the 
sea,  and  the  question  of  the  permanency  of  the  level  of 
the  ocean,  that  is,  whether  any'  change  is  taking  place  in 
the  distance  of  this  surface  from  the  centre  of  the  earth, 
is  one  of  the  most  interesting  questions  of  physical  geo- 

The  level  of  different  seas  has  been  made  the  subject 
of  the  researches  of  several  philosophers.  It  appears  that 
the  water  of  the  ocean  is  constantly  flowing  into  the  Medi- 
terraneaai  through  the  straits  of  Giln^tar;  whether  or 
not  this  is  compensated  for  by  a  constant  under  current  is 
notknown*  If  this  under  current  exists,  it  is  caused  by 
the  different  densities  of  the  upper  and  lower  strata;  the 
water  of  the  Mediterranean  being  more  dense  than  that  of 
the  ocean,  flows  out  underneath  it.  If  this  under  current 
does  not  exist,  we  must  suppose  that  the  Mediterranean 
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loses  by  evaporation  more  water  than  it  receives  from  the 
Nile>  the  Rhone>  the  Danube^  and  the  numerous  smaller 
streams  which  are  emptied  into  it ;  and  that  the  water  of  the 
ocean  flowing  in  to  compensate  this  loss^  keeps  the  level 
at  the  height  requisite  for  equilibrium.  With  respect  to 
other  seas^  we  may  remark,  that  it  seems  clearly  made 
out,  that  the  level  of  the  Red  Sea  is  considerably  above 
the  level  of  the  Mediterranean.*  The  level  of  the  Cas- 
pian Sea  is  said  to  be  several  hundred  feet  below  the 
North  Sea  ;t  as  this,  however,  does  not  communicate  di- 
rectly with  the  ocean,  there  is  no  level  to  be  preserved. 
The  interesting  question  is,  how  came  this  depression  of 
level  ?  There  is  distinct  evidence,  from  the  nature  of  the 
soil,  its  chemical  constitution,  and  the  presence  of  salt  water 
shdls,  that  salt  water  once  existed  at  a  vast  distance  from 
its  present  shores. 

74.  Fluids  rise  to  their  Level. — All  the  points  on  the 
same  level  being  at  the  same  distance  from  the  earth's 
centre,  and  consequently  subject  to  the  same  action  of. 
gravity,  it  will  follow  from  the  principles  already  laid 
down^  that  a  fluid  cannot  be  at  rest  unless  every  part  of 
its  surface  is  on  the  same  level.  This  is  illustrated  by  the 
well-known  fact,  that  a  fluid  will  always  sink  or  rise 
to  the  same  level ;  when  this  is  attained,  the  fluid  is  at 
rest. 

The  supply  of  towns  with  water  furnishes  a  grand 
illustration  of  this  law.  The  ancient  method  of  supplying 
towns  by  means  of  aqueducts  is  now  almost  entirely  super- 
.i^ed  by  long  pipes,  laid  under  ground  and  above  ground, 
and  turned  in  any  direction.  A  reservoir  is  selected  in 
some  situation  more  elevated  than  the  places  to  which  the 
water  is  to  be  supplied.  Pipes  are  conveyed  from  it  in 
every  direction,  and  the  water  may  be  ^  laid  on/  that  is, 

*  The  French  engineers  state  the  average  difference  of  level  to  be 
about  30  feet. 

f  The  difference  in  level  is  stated  to  be  100  metres,  about  326  feet. 
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supplied  at  the  tops  of  houses  at  any  distance^  provided 
tbe  tops  of  the  houses  are  not  on  a  higher  level  than  thci 
surface  of  the  water  in  the  reservoir.  Thus  does  man,  by 
taHng  advantage  of  the  invariable  laws  of  nature^  add 
most  materially  to  the  happiness  of  his  species ;  there  are; 
ipcfbkpti,  fbw  thing»  more  wonderful  to  reflect  on,  than  the 
tfidti9ands  of  miles  of  pipes  by  which  the  houses  of  London* 
are  supplied  with  this  precious  element,  solely  in  obedienci^ 
to  the  simple  law  which  we  have  just  stated. 

The  condition  for  the  equilibrium  of  fluids  in  communi<^ 
eating  vessels  may  be  at  once  derived  from  the  preceding 
prindples;  if  the  fluid  communicates  in  any  manner,  it 
cannot  be  at  rest  unless  all  the  surfaces  are  on  the  same 
level;  this  is  the  sole  condition,  without  any  reference 
whatever  to  the  magnitude  of  the  vessels ;  hence  we  see 
that  if  any  number  of  vessels  communicating  with  each 
other  stand  on  the  same  horizontal  plane,  and  water  be 
poured  into  any  one  of  them,  it  will  immediately  stand  at 
flie  same  height  above  the  horizontal  plane  in  all  of  them ; 
the  size  and  shape  of  the  vessels  being  any  whatever/ 
There  is  an  apparent  exception  to  this  law  when  the  tubes 
are  so  small  in  diameter  that  they  are  termed  capillary ; 
dns,  however,  is  no  real  exception  to  the  preceding  prin- 
dples, but  a  confirmation  of  them,  for  there  are  other  forces 
besides  gravity  acting  in  these  cases ;  and  these  being  pro- 
perly considered,  the  one  sole  condition  of  equilibrium, 
that  the  surface  must  be  perpendicular  to  the  resultant  of 
the  forces,  is  satisfied  (Art.  71). 

75.  Levelling, — We  have  seen  that  a  level  surface  con^ 
nsts  of  a  series  of  points  at  the  same  distance  from  the 
earth's  centre,  and  that  water  will  rise  to  its  level ;  the 
qoestion  now  is,  how  can  we  determine  what  points  are  on 
Ae  same  level,  or  to  what  places  water  can  be  supplied  ; 
this  constitutes  the  operation  of  levelling,  which  depends 
altogether  on  the  fact,  that  the  surface  of  a  small  extent  of 
fluid  at  rest  is  horizontal  (Art.  71).    The  instrument  em- 
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ployed  for  this  purpose  is  termed  a  Z<et;tf(  which,  in  its 
simplest  form,  consists  of  a  tube> 
with  its  two  ends  turned  up,  and 
open,  and  nearly  full  of  water. 
Upon  the  surface  of  the  fluid 
in  these  two  ends  are  floats, 
A  and  B,  carrying  uprights,  with 
sights  c  and  d,  at  equal  distances 

above  the  floats.  These  sights  may  be  small  pieces  of 
wood,  or  small  holes.  Now  if,  when  this  instrument  is 
placed  on  any  surface,  or  held  in  the  hand,  the  sight  at  c 
covers  the  sight  at  d,  on  viewing  an  object,  t^e  three 
points  are  in  the  same  horizontal  line.  For  the  floats  at  a 
and  B  are  horizontal,  and  the  line  joining  c  and  d  is  paral- 
lel to  these,  since  c  a  is  equal  to  d  b,  and  therefore  c  and  d 
are  in  the  same  horizontal  line.  And  if  these  sights  cover 
any  third  point,  the  three  must  be  in  the  same  straight 
line,  which  is  also  horizontal.  The  instrument  may  be 
held  in  any  position,  since  the  floats  must  be  horizontal 
when  the  fluid  is  at  rest. 

The  preceding  is  not,  however,  a  convenient  level  for 
practical  purposes,  and  the  one  in  general  use  is  the  Spirit 
Level,  so  termed  because  spirits  of  wine,  or  alcohol,  which 
does  not  readily  freeze,  is  the  fluid  used. 

A  glass  tube,  b  c,  having 
its  lower  surface  plane,  and 
its  upper  slightly  convex,  is 
nearly  filled  with  the  fluid, 
and  hermetically  sealed. 
The  small  quantity  of  air  which  is  left  in,  forms  a  bubble 
which  always  occupies  the  highest  part  of  the  tube: 
when  the  lower  surface  is  horizontal,  the  surface  of  the 
fluid  will  be  parallel  to  it,  and  the  air  bubble  will  occupy 
what  is  then  the  highest  part  of  the  level,  that  is,  it  will 
be  just  under  the  middle  part  of  the  convex  surface,  as 
shewn  at  d  :  if  either  end  be  raised,  the  bubble  will  im- 
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mediately  move  towards  that  end.  Thus^  the  position  ci 
the  air  babble,  with  reference  to  the  middle  of  the  upper 
9ar£ace  of  the  tabe,  may  determine  the  actual  position  of 
any  soriace  with  reference  to  the  horizon*  Attached  to 
the  leyel  b  c  is  a  telescope  a,  with  its  axis,  as  represented 
by  the  dotted  lines,  parallel  to  the  lower  surface  of  the 
tube ;  so  that  when  this  is  horizontal  the  axis  will  be  hori- 
soDtal,  and  all  the  points  seen  throu^  the  telescope  will 
be  in  the  same  horizontal  line. 

With  this  instrument  we  may  proceed  to  the  operation 
of  krdling  ;  and  suppose  that  two  points  are  to  be  deter- 
nined  on  opposite  sides  of  a  deep  yalley,  which  are  to  be 
oa.die  aame  level.  An  obsenrer  takes  some  position  on 
one  side,  and  setting  the  level  horizontally,  looks  through 
the  tdesoope,  and  notices  some  object;  he  is  then  sure 
tbst  lliis  object  and  his  eye  are  on  the  same  horizontal 
line.  Thus,  two  fixed  points  on  opposite 
fides  are  determined,  and  he  can  then  cal- 
culate the  places  on  the  opposite  sides 
▼bidi  are  on  the  same  level.  The  point 
required  on  the  opposite  side  will  be  below 
tlie  object  which  he  sees;  for  supposing  a 
to  be  the  place  of  his  eye,  the  point  which 
he  sees  will  be  d  on  the  line  a  d,  which  is 
ttingent  to  theearth's  sur&ce  at  A.  But 
IB  being  the  surface  of  the  earth,  the 
pomt  B  is  the  point  on  the  same  level  as  a.  Hence  the 
true  point  will  be  bdow  the  apparent  point  by  the  dis- 
tmee  d  b  ;  this  quantity  is  termed  the  depression^  and  is 
always  known  when  the  distance  a  b  is  known ;  but  into 
the  mathematics  of  this  question  we  cannot  enter.* 

In  the  great  works  of  engineering,  the  levelling  is  one  of 
die  first  employments.  In  ocmducting  a  railroad,  the  level 
of  eveiy  point  must  be  ascertained,  in  order  that  as  much 
ai  possible  the  road  may  be  all  on  the  same  level ;  and  to 

*  Tlie  Tilue  of  die  deprenion  in  feet  is  ]  x\  where  x  is  the  distance 
mmSlta,     8etFrmeiplaffHydnUatia,Aiu4S, 
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effect  this,  great  cuttings  and  embankments  must  sometimes 
be  executed.  In  conducting  a  canal  across  any  country 
the  points  in  the  same  level  must  be  determined,  so  that 
if  it  be  possible  there  may  be  no  locks^  but  the  water  may 
be  at  rest,  having  no  tendency  to  flow  either  way.  In 
cutting  a  drain,  each  successive  point  must  be  just  below 
the  level  of  the  preceding,  and  the  greater  the  fall,  that  is, 
the  greater  the  difference  of  the  levels  of  the  two  ends,  the 
more  rapidly  will  the  water  run. 

76.  Pressure  proportional  to  the  Depth. — In  the  pre- 
<;eding  articles  we  have  considered  the  form  of  the  sur- 
face of  a  fluid  acted  on  by  gravity  and  other  forces; 
and  we  have  seen  that  it  must  always  be  perpendicular 
to  the  resultant  of  the  forces.  Now  gravity  acts  on  every 
particle  of  a  fluid,  and  we  must  consider  the  pressure  at 
any  point  which  arises  from  this  action.  When  a  fluid 
contained  in  any  vessel  is  at  rest,  each  layer  of  particles, 
from  the  top  to  the  bottom,  is  subject  to  the  action  of  this 
force,  and  that,  consequently,  unless  sustained,  motion 
must  ensue.  The  particles  of  a  fluid,  therefore,  are  at 
rest,  because  the  pressure  or  the  weight  which  each 
exerts  is  balanced  and  counteracted.  Hence  we  may  at 
once  arrive  at  the  law,  ^  that  the  pressure  is  proportional 
to  the  depth.'  For,  since  gravity  acts  on  the  fluid,  each 
particle  presses  on  that  which  is  next  below  it,  and  this 
pressure  is  transmitted  in  every  direction  (Art.  68)  • 

Let,  now,  p  be  any  point  immedi- 
ately below  the  surface  A  b  of  any 
fluid,  as  water,  contained  in  any  ves- 
'sel.  Now,  since  the  whole  fluid  is  at 
rest,  any  portion  of  it,  as  the  line  of  particles  in  p  n,  drawn 
perpendicular  to  the  surface,  will  be  at  rest  also;  they  may, 
therefore,  be  conceived  as  isolated  from  the  surrounding 
particles,  just  as  if  all  the  surrounding  particles  were  to 
become  solid,  and  p  n  were  the  only  fluid  matter  left. 
Then  the  pressure  at  p  would  evidently  result  simply  from 
the  particles  in  p  n,  and  since  the  weight  of  each  particle 
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would  be  transmitted  along  the  line  n  p  to  p,  the  pressure 
at  P  will  be  the  aggregate  of  these  transmitted  pressures^ 
ihat  is,  of  the  weights  of  the  particles.  The  greater,  then^ 
the  number  of  particles,  or  the  greater  the  depth  of  p  be- 
low, the  surface,  the  greater  will,  be  the  weight,  or  the 
pressure  at  any  point  will  be  proportional  to  the  depth. 

The  point  p  is,  in  the  preceding^  ease,  immediately  below 
the  surface  of  the  fluid ;  but  suppose  it  under  some  part  of 
the  containing  vessel,  as  at  p  in  this 
figure.  Draw  pq  parallel,  and  qm 
perpendicular,  to  the  surface  of  the 
fluid.  Then,  the  fluid  in  these  lines 
being  considered  as  detached  from  the 
forrounding  fluid,  as  in  the  preceding  case,  the  pressure  at 
Q  will  be  the  weight  of  the  line  q  m  of  particles,  and  the 
pressure  at  p  will  be  the  transmitted  pressure  from  q;  for 
each  of  the  particles  in  p  q  will,  since  it  is  parallel  to  the 
surface,  be  similarly  situated  with  respect  to  gravity,  and 
have  the  same  weight :  so  that  the  pressure  at  p  will  be 
the  same  as  that  at  q,  that  is,  proportional  to  p  n,  or  to  the 
depth  of  the  point  below  the  surface  of  the  fluid.  Now, 
the  point  p  may  be  situated  any  where,  as  at  any  part  of 
the  containing  vessel ;  hence  the  pressure  at  any  point  is 
entirely  independent  of  the  shape  of  the  vessel,  and  de- 
pends only  on  the  depth  of  the  point  below  the  surface  of 
the  fluid. 

77.  Pressure  on  any  Surface. — The  preceding  articles 
shew  that  the  pressure  at  any  point  is  the  weight  of  the 
superincumbent  column  of  fluid ;  and  since  the  directions 
(^  all  these  pressures  are  parallel,  we  may  find  the  whole 
effect  which  they  produce  on  any  surface  immersed  in  a 
fluid,  or  on  any  portion  of  the  surface  of  the  containing 
vessel.  We  cannot  here  state  the  mathematical  reasoning  * 
by  which  this  is  effected,  but  the  result  may  be  stated  in 

•  See  VfincipUi  of  Hydrottatics,  Art.  33. 
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the  following  simple  terms  : — '  The  pressure  of  a  fluid  oa 
apy  surface  is  the  weight  of  a  column  of  the  fluid,'  whose 
hase  is  equal  to  the  area  of  the  surface  pressed^  and  whose 
height  is  equal  to  the  depth  of  the  centre  of  gravity  of 
the  surface  helow  the  surface  of  the  fluid/  This  we  shall 
proceed  to  apply. 

Let  the  pressures  on  the  bases  and  sides  of  two  exactly 
equal  portions  of  a  truncated  cone,  one  having  the  largest 
and  the  other  the  smallest  end  for  its  base^  be  required^ 


S 


&     %   a 


The  column  of  fluid  whose  base  is  equal  to  the  surface 
pressed,  and  whose  height  is  equal  to  the  depth  of 
the  centre  of  gravity  below  the  surface  of  the  fluid,  is 
that  represented  by  aABb,  in  one  case,  and  by  cc  dc/ 
in  the  other;  for  the  centres  of  gravity  of  the  two  sur- 
faces pressed  are  at  the  same  depth  in  both  cases  below 
the  surface  of  the  fluid.  But  the  centres  of  gravity  of 
their  sides  are  at  very  diflerent  depths:  it  will  be  near 
the  base,  as  at  G,  in  the  first  figure ;  and  near  the  top,  as 
at  H,  in  the  second  figure ;  so  that  it  is  in  one  case  at  much 
a  greater  depth  than  the  other;  hence  the  column  of  fluid, 
whose  weight  equals  the  pressure,  is  much  higher  when 
the  frustum  stands  on  the  larger  end,  than  when  it  stands 
on  its  smaller  end.  If,  then,  the  sides  of  a  vessel  converge, 
as  in  the  figure  a  b,  the  pressure  on  the  base  is  greater 
than  the  weight  of  the  contained  fluid,  and  if  they  diverge, 
as  m  the  figure  c  d,  it  is  less.  It  may  be  shewn,  experi- 
mentally, that  if  water  be  poured  into  a  hollow  cone,  with 
its  base  downwards,  the  water  will  raise  the  cone,  unless 
the  cone  be  very  heavy. 
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The  preceding  conclusions  may  be  arrived  at,  experi* 
mentally^  in  the  following  manner;  let  four  vessels^  whose 
bases  ▲  b^  c  d^  e  f^  o  h,  are  all  exactly  equals  be  made  so  that 


their  bottomis  will  open  downwards  and  permit  the  water 
to  escape^  when  a  pressure  on  their  upward  surfaces  is  suf- 
ficiently great.     The  vessels  may  be  kept  closed  by  a  spring, 
or  by  a  small  weight  acting  over  a  pulley,  and  drawing  a 
string  attached  to  their  bottoms.   This  spring  or  weight  will, 
lenr^  for  an  accurate  measure  of  the  pressure  on  the  bases, 
ftod  let  it  be  exactly  the  same  for  all.     If  now  water  be 
poured  in  so  as  to  stand  at  the  same  height  in  all^  the  bot- 
toms will  all  descend  at  exactly  the  same  instant^  or  when 
the  weight  of  the  water  becomes    equal  to  the  weight 
across  the  pulley;  and  in  all  the  cases  it  will  be  exactly 
equal  to  the  weight  of  the  column  whose  base  is  the  base  of 
the  vessel,  and  height  that  of  the  fluids  as  will  evidently  be 
the  case  in  the  second  figure.     The  result  would  have 
been  precisely  the  same  whatever  shapes  are  assigned  to 
the  vessels.     The  law  then  of  fluid  pressure  is  such  as  we 
have  enunciated,  and  is  sometimes  stated  in  the  paradoxical 
form,  that  the  pressure  on  the  base  of  a  vessel  does  not 
depend  upon  the -quantity  of  the  fluid;  that  is,  the  pressures 
OQ  the  bases  a  b  or  e  f  are  the  same,  though  one  vessel 
holds  many  times  the  contents  of  the  other. 

78.  Hf^rostaiic  Bellows. — This  instrument  will  furnish 
an  illlistration  of  the  foregoing  principles.    It  consists  of 
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two  pieces  of  board  united  together 
hf  some  flexible  waterproof  sub* 
stance,  and  of  a  small  tube  communi-* 
oating  with  the  interior  of  the  bellows 
so  formed.  If  now  water  be  poured 
down  the  tube  at  c,  it  will  run  into 
the  bellows  at  a,  and  raise  the  upper 
board.  There  will  be  some  point  at 
which  the  upper  board  will  cease  to 
rise,  and  there  will  be  an  equilibri- 
um betwixt  the  upward  pressure  of 
the  water  on  the  under  side  of  the 
board  b,  and  the  downward  pressure  ^ 

of  the  board  and  of  the  sustained  weight  w.  1 
be  the  height  of  the  water  in  the  tall  tube  at  some  in 
when  there  is  equilibrium ;  then  if  q  be  on  the  same 
(Art.  74)  as  the  water  in  the  bellows,  p  q  is  the  coIue 
water  which  supports  the  whole  weight  raised.  The 
in  which  this  acts  will  be  readily  understood  fron 
principle  of  the  transmission  of  pressure.  The  colum: 
exerts  by  its  weight  a  certain  pressure  on  the  water 
this  is  transmitted  throughout  the  whole  mass,  and 
pressed  on  every  equal  portion  of  the  fluid  and  bell 
Now,  suppose  that  the  board  at  b  is  one  thousand  t 
la^er  than  the  section  of  the  tall  tube ;  this  would  m 
an  improbable  proportion;  then  one  pound  pressure 
would  sustain  one  thousand  pounds  at  b.  And  the  e 
may  be  increased,  theoretically,  without  limit,  in  the  i 
following  ways ;  by  increasing  the  area  of  the  upper  b 
by  diminishing  the  diameter,  and  increasing  the  altitui 
the  tube.  Thus,  it  appears  that  a  quantity  of  water, ! 
ever  small,  may  be  so  employed  as  to  sustain  a  w^ 
however  great;  and  simply  by  taking  advantage  ol 
law  of  the  transmission  of  fluid  pressure. 

If  a  heavier  fluid,  as  mercury,  be  used,  the  effects 
be  much  greater,  that  is,  a  much  smaller  column 
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viduce  the  same  effects.  A  similar  application  may  be 
jide  of  elastic  fluids ;  and  a  man  standing  on  the  upper 
iprd  may  blow  into  the  tube  with  his  mouth,  and  cause 
1  upward  pressure  sufficient  to  raise  himself. 
79.  Natural  Fountahu  and  Springs. — The  preceding 
iws  of  fluids  may  be  illustrated  by  many  natural  phenomena, 
ildch  at  first  sight  appear  somewhat  startling.  Whence  is 
t  that  the  springs  rise  out  of  the  bowels  of  the  earth ;  and 
|0W  comes  it  to  pass^  that  in  boring  for  water^  a  sudden 
hmtain  will  spring  up^  and  continue  to  throw  its  waters 
li  t  great  height  above  the  surface  of  the  earth  ?  These. 
iriD  be  seen  at  once  to  be  the  necessary  consequence  of 
preceding  laws  and  of  the  known  structure  of  the  earth, 
globe  consists  of  strata  of  various  materials,  which  once 
in  regular  levels^  but  have  since  been  broken  up,  ele- 
in  some  places  and  depressed  in  others.  Suppose 
that  the  present  position  of  the  strata  is  such  as  in  the 
IMompanying  figure;  that  A  b  c  is  a  sand  containing  plenty 


of  water,  and  that  immediately  above  it  is  a  bed  d  b  of 
di^i  or  some  substance  quite  impervious  to  water,  and  that 
rinve  the  clay  is  the  natural  soil,  consisting  of  different  sub- 
MMDces,  more  or  less  pervious  to  water.  Let  the  day 
arminate  at  e,  so  that  some  portion  of  the  sand  is  overlaid 
If  the  natural  earth.  Then  the  water  at  a  will  rise  to  its 
evel ;  consequently  at  a,  6,  c,  there  may  be  springs  whose 
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actual!  courses,  as  indicated  by  the  dotted  lines^  from  the 
stratum  abc  will  depend  on  tlie  nature  of  tlie  upper 
layer.  Suppose  that  a  person  at  h  wishes  for  a  well;  he 
begins  to  dig  and  then  to  bore^  till  the  clay,  as  represented 
by  the  shaft  h  b,  is  penetrated.  The  water  will  instantly 
rise  to  the  same  level  as  that  at  which  it  stands  in  a,  to  g 
for  instance ;  thus  it  will  spout  out  to  a  considerable  height 
above  the  surface  of  the  soil.  When  the  stratum  a  b  lies 
up  the  side  of  a  mountain,  the  height  to  which  the  water 
will  spout  on  being  let  out  may  shew  us,  that  the  pressure 
on  the  under  surface  of  the  impervious  matter  must  be 
very  great,  and  such  as  may  be  sufficient  to  elevate  the 
whole  mass.  Should  a  small  water  channel  leading  from 
the  top  of  a  high  mountain  to  a  cavern  in  its  interior  be 
full  of  water,  and  the  cavern  and  channel  be  both  water 
tight,  the  pressure  which  this  column  of  several  hundred 
feet  vertical  height  will  cause  on  the  cavern  sides  must 
be  such  as  scarce  any  of  the  ordinary  materials  of  the  sur- 
&ce-crust  of  the  earth  can  resist. 

80.  Centre  of  Pressure* — In  the  preceding  articles  the 
method  of  estimating  the  amount  of  fluid  pressure  which 
an  y  surface  sustains  has  been  shewn.  This  whole  pressure  is 
the  sum  of  all  the  elementary  pressures,  and  such  may  be 
represented  by  a  single  pressure;  or,  in  other  words,  these 
pressures  have  a  resultant,  and  the  point  at  which  this  single 
resultant  pressure  is  to  be  applied,  so  as  to  produce  the  same 
effect,  or  to  counterbalance  these  pressures,  is  called  the 
centre  qf  pressure  of  the  surface.  The  position  of  this 
point  may  be  determined  by  the  aid  of  mathematics  from 
the  preceding  principles,  and  we  shall  here  state  the  result 
which  theory  gives  for  some  of  the  more  simple  figures.* 

The  centre  of  pressure  of  the  bottom  of  any  vessel,  if 
the  bottom  be  horizontal,  is  the  same  as  the  centre  of 
gravity,  for  the  forces  being  in  both  cases  parallel  forces, 
the  position  of  this  resultant  wiU    be  the  same ;  but  the 

•  Theory  of  Fluidt,  krt&,AA—S^, 
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centre  of  pressure  of  the  side  of  any  vessel  containing  the 
fluid  will  always  be  below  the  centre  of  gravity^  because 
the  pressure^  being  proportional  to  the  depth  (Art.  76) , 
is  greater  at  the  lower  than  at  the  upper  parts;  the  two 
centres  would  coincide  if  the  pressures  did  not  increase  for 
the  lower  parts :  thus  in  a  vessel  containing  a  portion  of 
highly  elastic  fluid  of  no  sensible  weighty  the  centres  of 
pressure  of  the  sides  coincide  very  nearly  with  their 
centres  of  gravity. 

If  the  side  of  a  vessel  be  a  parallelc^raniy  the  centre  of 
pressure  is  one-third  of  the  height  from  the  bottom^  that 
is,  two-thirds  of  the  depth  of  the  fluid  below  the  surface. 
In  an  isosceles,  or  equilateral  triangle^  its  base  coinciding 
with  the  sur&ce  of  the  fluids  it  is  in  the  middle  of  the 
line  joining  the  vertex  and  the  bisection  of  the  base ;  if  the 
base  be  downwards  and  the  vertex  in  the  surface,  it  is  at 
one-fourth  from  the  base^  or  three-fourths  from  the  vertex. 
If  a  parabola  be  placed  with  its  vertex  downwards^  it  will 
be  at  a  distance  of  four-sevenths  from  the  surface  of  the 
fluid,  or  three-sevenths  from  the  vertex. 
Let  the  side  ab  of  any  vessel  con- 

tsining  water  be  loose ;  let  it  be  in  form 

i  parallelogram ;  then  if  a  point  e  be 

taken,  such  that  ab  =f  ab,  a  single 

force,  as  represented  by  the  arrow,  will 

keep  the  side  from  moving. 
Similarly,  we  may  have  a  barrel  with 

only  a  single  hoop.     For  each  of  the 

itaves  may  be  kept  at  rest  by  a  single 

fioroe  applied  at  a  point  one-third  from 

its  bottom;  hence,  if  a  hoop,  ab,  pass 

round  the  cask  at  this  distance  from  the 

bottom,  the  staves  will  all  be  kept  in  their  places. 
A  knowledge  of  the  position  of  the  centre  of  pressure 

in  diflferent  figures  is  of  the  greatest  practical  importance. 

In  drainage,  in  canal  navigation,  in  harbours,  and  many 

other  cases,  large  gates  have  to  be  erected  which  will  be 

nbject  to  the  pressure  of  water.    Now,  it  is  desirable  to 
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know  at  what  points  the  greatest  strength  is  requiredj 
that  a  given  quantity  of  materials  may  be  most  effect: 
The  hinges  of  such  gates  should  evidently  be  placed  \i 
reference  to  their  centres  of  pressure,  or  there  will 
more  strength  than  is  necessary  at  some  points^  and 
enough  at  others. 

81.  Lateral  Pressure,  —  When  water  is  contained 
any  vessel,  the  lateral  or  horizontal  pressures  destroy,  i 
is,  are  in  equilibrium  with  each  other.  This  may 
shewn  at  once  from  mathematical  considerations,  but  ^ 
proved  experimentally  by  the  fact,  that  a  vessel  full  of  fl 
has  never  the  least  tendency  to  move  laterally ;  but  J 
portion  of  one  side  be  removed  the  vessel  may  tilt  a 
towards  the  other,  or  be  overturned.  Before  the  suri 
was  removed,  the  pressure  was  the  same  on  both  sidi^ 
the  vessel,  but  when  the  surface  is  removed  on  out  t 
there  is  pressure  only  on  one  side,  which  consequen 
may  overturn  the  vessel. 

Let  AB  CD  be  a  tall  vessel  ©\ 

containing  fluid ;   the  lateral  \  7 

pressures  at  p  and  q  balance  \  ^        A    / 

each  other;  but  let  a  portion  -^  \  /^ 

of  the  surface  be  removed  at  \  / 

Q,  the  force  at  p  only  is  left,  \         / 

and  the  vessel,  consequently,  a~b 

tumbles  over. 

The  application  of  this  principle  in  Barker's  mill  is  Vi 
well  known,  and  the  celebrated  Bernouilli  proposed  to  m 
vessels  through  water  by  the  reaction  of  water  flowi 
out  from  behind.  The  preceding  principle  will  enable 
to  understand  the  impelling  force  on  a  sky  rocked  - 
great  pressure  is  produced  on  every  point  of  the  chnml 
which  contains  the  combustible  materials.  The  reaction 
the  sides  of  the  chamber  counteract  each  other;  buttb 
being  nothing  to  counteract  the  reaction  on  the  end 
the  chamber,  the  rocket  is  impelled  forward,  whilst -1 
action  which  would  be  exerted  on  the  other  end,  if  dom 
is^  dissipated  into  the  surrounding  air. 
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Section  II. 

FLOATIKG    BODIES— CONDITIONS    OF   EQUILIBRIUM SPECIFIC    GRAVITY 

ASCltST   OF    BODIES    IN    FLUIDS. 

82.  In  bodies  surrounded  by  a  fluid  we  constantly  see 
apparent  exceptioi^s  to  the  law  of  grarity,  for  heavy  bodies 
move  in  a  direction  opposite  to  it ;  thus  cork,  Wood,  and 
maiiy  other  substances,  rise  up  when  plunged  in  water; 
iron  aseends  in  the  same  manner  on  being  immersed  in 
mercury ;  the  smoke  also  rises  in  the  air ;  the  clouds  appear 
to  float  suspended  above  our  heads,  just  as  any  light  body 
at  the  surface  of  water.  Thus  fluids  have  some  peculiar 
property  of  rejecting  those  light  bodies  which  are  en- 
tirely surrounded  by  them,  and  of  sustaining  those  which 
rest  at  their  surfaces;  all  these  and  many  other  pheno- 
mena may  be  derived  at  once  from  the  laws  established  in 
the  preceding  chapters,  and  are  the  immediate  consequence 
of  that  principle  which  is  immortalized  by  th^  name  of  Ar- 
chimedes. This  principle  may  be  stated  in  the  following 
terms :  '  A  hodj  immersed  in  a  fluid  loses  as  much  of  its 
own  weight  as  is  equal  to  the  weight  of  the  fluid  dis- 
placed.' The  law  is  equally  true  whether  the  fluid  be  a 
Mqoid  or  a  gas. 

Let  a  cube  be  immersed  in  a  fluid, 
and  let  its  upper  and  lower  fa^^e  be  hori-  y 

sontal,  that  is,  parallel  to  the  surface.  i — ^^^—^ 

Then,  since  every  point  will  be  pressed      »-^ 
by  the  fluid,  we  may  represent  the  pres« 


MRS    which    its  ^Etces  sustain  by   the  ||^ 

arrows  in  the  figure  (Art  80).     Then  it 
1$  evident,  T.  That  the  lateral  pressures,  which  are  ei^ual 
and  contrary,  will  destroy  each  other.    2°.  That  the  upper 
face  AB  sustains  a  force,  pressing  downwards,  which  is 

M 
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equal  to  the  weight  of  the  superincumbent  column. 
3°.  That  the  lower  face  c  d  sustains  a  force  pressing  from 
below  upwards,  which  is  equal  to  the  weight  of  the 
column  which  would  rest  on  it  if  the  cube  were  fluid 
(Art.  77).  Thus  the  body  is  acted  on  by  two  opposite 
forces^  its  own  weight  tending  to  make  it  descend,  and  the 
difference  between  the  pressures  of  the  fluid  on  its  two 
faces,  which  is  a  force  tending  to  make  it  ascend.  If  these 
forces  are  equal,  the  body  remains  at  rest;  if  unequal^  it 
descends  or  ascends,  according  as  its  weight  is  greatev  or 
less  than  the  opposite  force.  This  proposition,  which  may 
be  established  rigorously  on  the  principles  of  statical 
equilibrium,*  may  also  be  treated  in  the  following  manner. 

83.  Loss  of  Weight* — A  body  immersed  in  a  fluid,  since 
it  appears  to  lose  some  of  its  weight,  is  supported  in  some 
way  or  other  by  the  fluid.  Now  before  the  body  was  im- 
mersed, there  was  a  certain  quantity  of  fluid  which  occu- 
pied exactly  the  same  space ;  this  fluid  may  be  conceived  to 
be  detached  from  the  rest  and  to  become  solid ;  it  will  then 
be  supported  exactly  as  before  by  some  pressure  acting  up- 
wards, which,  must  be  exactly  equal  to  the  weight  of  the 
solidified  fluid.  The  immersed  body  therefore  must  in  the 
same  manner  be  supported  by  a  pressure  acting  upwards, 
which  is  exactly  equal  to  the  weight  of  the  fluid  displaced. 
When  then  the  weight  of  the  body  equals  the  weight  of 
the  fluid  displaced  it  will  be  at  rest,  or  appear  to  lose  all  its 
weight;  when  it  is  greater  than  it,  it  will  appear  dimi- 
nished, by  exactly  that  weight ;  and  when  less  than  it,  it 
will  be  pushed  upwards,  and  float  at  the  surface,  displacing 
only  as  much  fluid  as  exactly  counterbalances  its  weight. 

The  cause  of  this  loss  of  weight  was  a  great  difficulty  in 
the  early  era  of  science,  and  gave  rise  to  many  curious 
doctrines  respecting  the  gravitation  of  fluids.  It  was 
asserted  that  gravity  was  the  effort  of  a  body  when  out  of 
its  place  to  get  into  it ;  hence,  when  a  body  was  not  out 

*  Theory  of  Fluids,  Arte.  64—57. 
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of  its  place  there  was  no  reason  for  gravity  to  exert  itself, 
and  consequently^  when  a  bucket  full  of  water  is  immersed 
in  water  it  does  not  gravitate^  because  the  water  is  sur- 
nmnded  by  its  own  element,  or  is  in  its  place ;  but  as  soon 
as  the  bucket  is  raised  a  little  out,  the  fluid  which  is  thus 
raised  out  of  its  place  begins  to  gravitate. 

84.  Conditions  of  Equilibrium, — If  solid  bodies  were 
homogeneous,  that  is,  of  the  same  density,  or,  uniform  consti- 
tution in  all  their  parts,  the  condition,  ^  that  the  weight  of 
the  body  should  be  equal  to  the  weight  of  the  fluid  displaced,' 
would  be  the  only  one  necessary  for  equilibrium.  But  since 
BO  substances  are  perfectly  homogeneous,  we  must  always 
make  use  of  the  imaginary  point,  which  is  termed  the 
centre  of  gravity  (Art.  46),  and  consider  the  forces  as  ap- 
plied at  that  point.  There  are  then  two  centres  of  gra- 
vity to  be  considered,  the  one  of  the  floating  body,  the 
other  of  the  fluid  displaced ;  the  weight  of  the  body  may  be 
conceived  to  be  a  force  applied  to  the  centre  of  the  gravity 
of  the  body,  and  acting  downwards ;  and  the  weight  of  the 
fluid  displaced  may  be  conceived  as  a  force  applied  at  its 
centre  of  gravity,  and  acting  upwards.  Now  the  directions 
of  these  two  equal  forces  are  parallel  but  opposite; 
henee,  unless  they  are  applied  on  the  same  line  the  body 
cannot  rest ;  for  it  is  known  that  two  equal  opposite  parallel 
fi)cee8  4»nnot  preserve  equilibrium  (Art.  22). 


Let  G  be  the  centre  of  gravity  of  any  body  immersed  in  a 
fluid,  and  o  the  centre  of  gravity  of  the  fluid  displaced.  The 
weight  of  the  body  is  then  a  downward  force  through  g  ; 
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and  the  weight  of  the  fluid  di#phiaed  is  an  upward  force 
through  o,  tu  shewn  by  the  arrow*.  These  will  evidently 
twist  the  body,  and  there  cannot  he  equilibrium  unless  the 
directions  of  the  two  arrows  coincide  with  the  line  o  o» 
which  will  be  the  case  when  this  line  becomes  vertical,  that 
is^  when  the  lines  o  o  and  o  m  coincide.  The  other  con* 
dition  then  at  which  we  arrive  is,  '  that  the  line  joining  the 
centres  of  gravity  of  the  body  and  of  the  fluid  displaced 
must  be  vertical/ 

Besides  these  two  ccmditions  which  are  sufficient  for  an 
equilibrium^  there  is  a  most  important  question  as  to  what 
is  the  nature  of  this  equilibrium ; — is  it  stable,  unstable,  or 
indiflerent  ?  The  complete  answer  to  this  question  cannot 
be  given  in  the  present  treatise,  since  recourse  must  be  had  to 
difficult  mathematical  reasoning;*  but  from  what  we  have 
already  said  on  the  question  of  stability  (Art.  50),  it  will 
be  evident  that  for  stable  equilibrium  the  centre  of  gravity 
of  the  floating  mass  must  be  as  low  as  possible.  Hence, 
the  heavier  parts  of  a  cargo  must  always  be  stowed  at  the 
bottom  of  the  vessel,  and  heavy  iron,  or  stone  ballast,  is 
frequently  necessary  at  the  lowest  parts  of  a  ship ;  thus  the 
centre  of  gravity  is  brought  below  that  of  the  fluid  dis< 
placed.  If  a  person  were  to  attempt  to  walk  or  stand  on 
water  supported  by  bladders  or  cork,  his  success  might  be 
considered  as  almost  ipiiraculous ;  for  his  centre  of  gravity 
being  far  above  that  of  the  fluid  displaced,  his  position 
would  consequently  be  one  of  unstable  equilibrium,  and  the 
least  disturbance  would  infallibly  bring  his  head  below, 
and  his  heels  above,  the  water.  Every  one  must  have  ob- 
served the  ease  with  which  a  small  boat  can  be  upset,  if 
persons  stand  up  in  it ;  the  elevation  of  the  centre  of  gra- 
vity of  the  system  places  the  boat  in  a  most  dangerous 
condition,  as  is  at  once  shewn  by  the  facility  with  which  it 
rocks  or  oscillates,  like  an  inverted  pendulum,  from  side  to 
side. 

♦   See  Theory  of  Fluids^  Arts.  67—73. 
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85.  specific  Gravities, — The  preceding  law  of  the  loss 
of  weight  on  the  immersion  of  a  solid  has  a  very  useful 
application  in  the  determination  of  the  specific  gravities  of 
different  substances.  One  substance  is  specifically  heavier 
than  another  when,  being  equal  in  bulk^  the  weight  of 
one  exceeds^  or  falls  sh(»:t,  of  the  weight  of  the  other. 
Thoa,  iron  and  mercury  aie  specifically  heavier  than  water, 
&r  the  weight  of  a  cubic  inch  of  either  is  greater  than  of 
a  cubic  inch  of  water^  and  the  weight  of  a  pint  of  mercury 
if  greater  than  of  a  pint  of  water.  Similarly,  cork  and 
most  woods  are  specifically  lighter  than  water.  Now^ 
insaperable  difficulties  present  themselves  in  ascertaining 
die  balks  of  difierent  substances  so  as  to  ascertain  and  com- 
pare the  weights  of  equal  bulks.  But  they  may  all  be 
leadilj  compared  with  water,  and  so  with  each  other. 
And  this  process  depends  on  a  proposition,  immediately 
deducible  from  the  preceding  law  of  floating  bodies,  which 
states,  'That  when  a  solid  is  immersed  in  a  fluid,  the 
weight  lost  is  to  the  whole  weight  of  the  body,  as  the 
spedfic  gravity  of  the  fluid  is  to  l^at  of  the  solid/*  Thus, 
by  weighing  difierent  substances  in  the  same  fluids  and 
observing  the  weight  lost,  their  specific  gravities  are  given 
by  a  ample  proportion ;  and  may  be  immediately  compared 
with  each  other.  This  proposition  is  of  great  practical 
importance  in  determining  the  specific  gravities  and  conse- 
quent strengths  of  spirituous  liquors^  by  weighing  the  same 
MibstaBce  in  them;  but  on  this  we  cannot  dwell  here.f 

The  same  principle  is  also 
illostrated  by  the  method  of 
determining  the  specific  gra- 
vity of  a  solid  by  the  Hydro- 
static balance.  This  instru- 
ment in  its  simplest  form  is  a 
common  pair  of  scales,  with  a 
fine  wire  attached  to  the  un- 

•  Principles  rfHyiroUatict,  Art.  48.  f  J6/V,  Art.  60- 

m2 
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der  surface  of  one  of  the  scale  pans.  The  solid  whose 
specific  gravity  is  required,  is  weighed  in  air^  and  then« 
being  attached  to  the  wire,  is  immersed  in  Water,  and  again 
weighed.  The  weight  lost,  which  is  the  weight  of  the 
fiuid  displaced,  being  thus  ascertained,  the  specific  gravity 
will  be  found  by  dividing  the  actual  weight  of  the  body 
by  the  weight  of  an  equal  bulk  of  the  water.  Thus,  sup- 
pose a  piece  of  metal  weighs  35  grains  in  air,  and  that  when 
immersed  in  water  it  weighs  only  31  grains,  there  is  then  a 
loss  of  weight  equal  to  4  grains,  that  is,  the  fluid  displaced 
weighs  4  grains ;  the  specific  gravity  of  the  copper  will 
then,  by  the  above  rule,  be  ^  or  8*75,  nearly. 

86.  Asceni  and  Descent  of  a  Body, — When  the  preceding 
condition  of  equilibrium  is  not  satisfied,  the  immersed  body 
will  ascend  or  descend »  according  as  its  weight  is  less  or 
greater  than  the  weight  of  the  fluid  displaced.  And  the 
moving  force  by  which  it  will  ascend  or  descend  is  the  dif'* 
ference  of  the  weights  of  the  solid  and  fluid  displaced. 
Hence  we  may  understand  what  is  meant  by  the  buoyimqf 
of  light  vessels  full  of  air,  as  wooden  chests^  tin,  or  thin 
iron  vessels,  bladders,  &c. ;  any  vessel  of  this  kind  sunk  in 
deep  water,  and  attached  to  a  heavy  sunken  body,  will 
draw  it  up.  Thus,  vessels  may  be  raised  by  large  chests, 
sunk  full  of  water  on  each  side  of  it,  and  made  fast  to  the 
keel  by  straps  underneath ;  when  the  water  is  pumped  out 
of  these  chests,  their  buoyancy  will  raise  the  vessel.  These 
principles  are  illustrated  by  the  facility  with  which  fishes 
rise  to  the  surface,  or  descend  to  the  bottom  of  water. 
There  is  in  their  bodies  a  small  air  vessel,  by  the  expansion 
or  contraction  of  which  the  size  of  their  bodies,  and  conse*- 
quently  the  bulk  of  the  water  displaced,  is  altered.  When 
the  weight  of  the  water  displaced  becomes  greater  than 
the  weight  of  their  bodies,  they  are  forced  upwards,  or 
ascend  to  the  surface,  and  when  it  becomes  less,  they  de- 
scend. 

The  human  body  naturally  displaces  a  bulk  of  water, 
whose  weight  is  greater  than  its  own  weight,  and  this 
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quantity  may  be  slightly  varied  by  tbe  expansion  and  con- 
traction of  the  chest.  This  is  shewn  to  be  the  case  by  the 
fiict^  that  the  body  will  float  at  the  surface  of  the  water  if 
the  individual  has  the  presence  of  mind  to  throw  his  head 
back>  and  to  keep  his  arms  under  water.  But  if  the  arms 
be  raised  out  of  the  water,  the  quantity  of  fluid  displaced 
weighs  less  than  the  body,  and  the  head  sinks  below  the 
surface. 

When  the  body  is  sunk  so  far,  that  the  pressure  of 
the  water  diminishes  sensibly  the  bulk  of  the  body,  it 
becomes  at  once  heavier  than  the  fluid  displaced,  and 
cannot  rise  again  to  the  surface.  This  sometimes  occurs 
when  an  individual  pitches  from  a  great  height,  as  from 
the  yard-arm  of  a  ship,  into  deep  water ;  the  velocity  ac- 
quired by  the  descent  through  the  air  carries  him  to  such  a 
depth  in  the  water,  that  his  body  by  compression  becomes 
greater  in  weight  than  the  bulk  of  the  fluid  displaced ;  in 
such  cases  the  individual  is  seen  no  more,  until  the  swell- 
ing, which  always  takes  place  at  a  short  period  after  death, 
displaces  a  quantity  of  fluid  greater  than  was  previously 
displaced,  and  the  lifeless  body  rises  again  to  the  sur- 
face. 

The  ascent  of  balloons  will  be  at  once  understood,  by 
considering  the  preceding  principles.  Any  body  immersed 
in  a  fluid  loses  a  part  of  its  weight,  that  is,  appears  to 
weigh  less  than  it  really  does;  and  this  apparent  loss  of 
weight  is,  as  we  have  seen,  equal  to  the  weight  of  the  fluid 
displaced.  Now,  the  air  is  a  fluid,  and  must  cause  a  con- 
sequent diminution  in  the  apparent  weight.  The  air  is  so 
light,  that  this  diminution  cannot  in  general  be  detected 
but  by  the  most  delicate  experiments.  If,  however,  we 
bave  any  doubt  as  to  such  being  the  actual  fact,  we  need 
only  appeal  to  the  rise  of  balloons,  which  ascend  in  the  air 
by  virtue  of  this  very  action,  and  carry  up  the  weight  of 
several  human  beings.  The  first  balloons  were  filled  with 
beated  air,  of  which  a  given  volume  weighs  much  less  than 
the  same  volume  of  cold  air ;  the  weight,  consequently,  of 
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the  cold  air  which  it  displaced  being  greater  than  the 
weight  of  the  materials  of  the  balloon  and  the  same  bulk 
of  hot  air,  the  balloon  is  forced  upwards.  The  balloons 
are  now  generally  filled  with  gas^  which  being  four  or 
five  times  lighter  than  common  air,  enables  a  heavy 
weight  to  ascend  with  great  rapidity^  and  to  considerable 
heights. 

The  ascent  of  small  air  bubbles  in  water  takes  place 
according  to  the  preceding  laws ;  a  bubble  of  this  kind  is 
observed  to  dilate  as  it  ascends,  and  consequently  the  bulk 
of  water  which  it  displaces  is  increased  as  it  approaches 
near  the  surface.  This  is  the  immediate  consequence  of 
the  law,  that  the  pressure  is  proportional  to  the  depth 
(Art.  76),  and  of  another  which  we  shall  mention  |»'e- 
sently,  that  the  elastic  force  of  air  is  inversely  proportional 
to  the  space  which  it  occupies  (Art.  89). 

87.  Ascent  of  hot  air  in  chimneys. — The  rapidity  with 
which  a  column  of  smoke  issues  out  of  a  tall  chimney,  is 
explicable  at  once  on  the  preceding  principles.  Hot  air  is 
specifically  lighter  than  cold  air ;  and,  consequently,  since  a 
given  portion  of  air  expands  on  being  heated,  it  displaces  a 
greater  quantity  of  air  than  before^  that  is,  a  quantity  of  air 
whose  weight  is  greater ;  it  is,  therefore,  forced  upwards 
by  the  difference  of  these  weights.  This  ascent  of  warm 
air  is  always  going  on  from  our  mouths,  and  from  other 
parts  of  our  bodies.  This  is  not  generally  perceptible,  ex- 
cept in  the  case  of  smoke,  which  is  visible  in  consequence 
of  a  number  of  small  black  particles  light  enough  to  be 
carried  up  by  the  rising  cunrent  of  heated  air.  All  these 
visible  parts  of  smoke  fall  again  in  the  form  of  soot.  The 
use  of  tall  chimneys  is,  that  they  give  a  long  column  of  hot 
air ;  a  long  piece  of  wood  rises  much  more  rapidly  when 
immersed  in  deep  water  than  a  short  piece ;  and  for  the 
isame  reason  a  column  of  hot  air  of  150  feet  in  length  will 
rise  much  more  rapidly  than  one  of  only  50  feet.  Every  one 
must  have  observed  the  rate  at  which  smoke  pours  out  from 
the  enormous  chimneys  of  our  ateam  engines  and  manu- 
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fvctories;  the  smoke  Is,  as  it  were^  projected  upwards  to  a 
▼ery  gzeat  height  above  the  top  of  the  chimneys ;  whereas, 
from  the  common  chimneys  of  our  houses^  it  sometimes 
seems  to  have  scarcely  the  power  of  escape^  and  when  per- 
plexed by  violent  gusts  of  air,  we  know  full  well  that  it 
frequently  cannot  issue  forth.  The  rapidity  with  which  a 
tall  column  of  hot  air  rises,  causes  the  draught  of  the  chim- 
ney ;  this  is  necessary  for  the  supply  of  air  to  the  fire,  a 
constant  uniform  current  of  air  is  thus  carried  through  the 
fire,  and  supersedes  the  necessity  of  blowing  the  fire  by 
means  of  bellows,  which  would  require  troublesome  ma- 
chinery, and  not  answer  the  purpose  nearly  so  well.  There 
are  other  considerations  connected  with  the  velocity  of 
ascent,  as,  for  instance,  the  degree  of  heat,  the  decreasing 
density  of  the  air,  the  form  of  the  chimney,  but  on  these 
subjects  we  cannot  here  enter;  it  is  merely  the  general 
piindple  which  we  wished  to  illustrate. 

In  further  illustration  of  the  preceding,  we  may  mentioA 
that  a  single  tall  chimney  suffices  not  only  for  all  the  fires 
of  one  establishment,  but  frequently  for  all  the  fires  of  the 
immediate  neighbourhood.  Flues  are  conveyed  from  the 
difierent  fire-places  to  the  great  chimney,  which,  by  its 
draught,  keeps  all  burning  in  brisk  activity.  Should  all  the 
fires  go  out,  which  is  rarely  the  case  in  large  establish- 
ments, the  fires  cannot  be  lighted  till  the  column  of  air  ha^ 
been  warmed,  so  as  to  re-establish  the  draught,  which  is 
leadHy  effected  by  throwing  lighted  straw  or  shavings  into 
some  part  of  it.  At  the  copper  smelting  works  near  Swan- 
sea, one  or  two  very  tall  chimneys  may  be  seen,  which 
eommunicate  with  a  vast  number  of  smelting  furnaces ; 
kere,  beside  the  draught,  there  is  another  most  important 
cod  to  be  answered  by  these  tall  chimneys,  namely,  the  dis^ 
tnboting  the  noxious  particles  which  are  carried  up,  over  a 
very  widely  extended  district.  These  particles  are  utterly 
destmctive  of  all  vegetation  when  congregated  in  great 
numbers ;  from  short  chimneys  they  would  all  fall  in  the 
immediate  neighbourhood,  but  being  carried  up  into  the 
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higher  strata  of  the  atmosphere^  where  the  currents  are 
generally  very  rapid,  they  become  dissipated  over  many 
miles^  and  thus  their  very  destructive  effects  are  in  a  great 
measure  prevented. 


Section  III. 

LAWS    OP   ZLASTIC    FLUIDS PRESSURE    INVERSELY    AS  THE    SPACE 

DALTON*S    LAWS. 

88.  The  laws  of  fluids  which  have  been  discussed 
in  the  preceding  chapters  apply  equally  to  all  gases  as 
well  as  liquids,  since  gravity  acts  on  all.  But  the  elastic 
fluids  have  some  properties  which  are  entirely  uncon- 
nected with  gravity,  and  which  are  the  necessary  conse- 
quences of  the  repulsive  force  which  exists  between  the 
particles,  and  by  virtue  of  which  they  exist  in  the  gaseous 
state.  The  action  of  the  molecular  forces  is  entirely  dif- 
ferent here  from  the  cases  which  we  have  already  con- 
sidered. In  the  solids  we  have  seen  that  these  forces  re- 
tain the  particles  in  their  places,  and  press  them  against 
eadi  other ;  in  the  liquids  they  retain  the  particles  in  their 
places,  suffering  them  to  move  with  great  freedom  amongst 
each  other ;  but  in  gases  these  forces  compel  the  particles 
to  separate  from  each  other,  and  recede,  until  (^posed  fay 
some  obstacle^  as  the  sides  of  the  containing  vessel.  Thui^ 
any  gas  or  common  air  contained  in  a  vessel,  exerts  by 
virtue  of  its  nature  a  constant  pressure  on  the  sides.  Tkete 
considerations  shew  us  that  when  any  portion  of  air  is  at 
rest^  every  particle  must  be  subject  to  some  pressure  from 
without  inwards^  and  if  there  be  not  an  exact  equilibrium 
between  these  forces,  the  air  will  not  be  at  rest.  This 
pressure,  which  every  portion  of  confined  air  exerts,  is 
called  its  elastic  forcey  and  must  be  carefully  distinguished 
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from  any  pressure  which  may  arise  at  any  point  from  the 
action  of  gravity.  In  considering  this  pressure^  we  may 
suppose  the  fluid  as  absolutely  without  weight,  just  as  when 
we  spoke  of  the  transmission  of  pressure^  which  is  a  pro- 
perty of  all  fluids  (Art.  68)  •  When  air  is  contained  in  any 
vesselj  it  exerts  a  pressure  on  the  sides ;  now,  suppose  an 
orifice  made,  so  that  there  is  no  longer  any  surface  to 
counteract  the  elastic  force,  will  motion  ensue,  will  the  ex- 
ternal air  rush  in>  or  will  the  internal  air  rush  out,  or  will 
both  remain  in  equilibrium  ?  If  the  air  which  was  enclosed 
in  the  vessel  is  of  the  same  state  of  density  and  temperature 
as  the  external  air,  there  will  be  perfect  rest ;  the  external 
air  will  counterbalance  the  expansive  force  of  the  internal 
air  which  was  exerted  on  the  sides  of  the  vessel.  But  if 
there  be  any  difference  in  the  states  of  the  internal  and  of 
the  external  air,  the  forces  will  not  counteract  each  other, 
and  motion  will  ensue  in  the  direction  of  the  greater. 

89.  Elastic  Force. — There  is  a  remarkable  law  con- 
Qecting  the  elastic  force  of  a  gas  with  the  space  which  it 
occupies,  or  which  comes  to  the  same  thing  with  its  density, 
whidi  may  be  expressed  in  the  following  terms :  '  The 
elastic  force  of  air  at  the  same  temperature  varies  inversely 
as  the  space  it  occupies.'  This  was  first  established  by 
Boyle,*  and  afterwards  by  Marriotte,  and  may  be  proved 
hy  the  simplest  experiments. 

Suppose  a  tall  cylindrical  vessel  to  be  inverted  over 
water,  and  gradually  pressed  down,  so  that  the  air  is  con- 
tifioally  forced  to  occupy  a  less  space,  it  will  be  found  that 
the  fiiroe  requisite  to  keep  the  vessel  down,  or  to  balance 
the  elitftic  force  of  the  compressed  air,  must  be  increased 
pgredBely  in  proportion  as  the  space  diminishes ;  that  is,  the 
Baltic  force  of  the  air  varies  inversely  as  the  space  it  occu* 
]Mi.  Should  the  temperature  be  augmented  by  any  cause 
duiiiig  the  operation,  the  elastic  force  will  be  increased, 

•  In  1662. 
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and  the  preceding  law  will  not  be  accurately  true.  The 
same  result  may  be  obtained  by  compressing  any  gas  by  a 
piston  fitting  accurat^y  into  a  cylinder,  or  in  many  other 
wa3r8. 

The  method  whkhis  generally  adopted,  and  A 
admits  of  the  greatest  accuracy^  is  to  com- 
press the  air  or  gas  in  the  upper  part  of  the 
tube  B  G,  by  pouring  mercury  into  the  tube  a  b. 
Suppose  the  air  which  occupied  the  whole 
space  B  c  to  be  compressed  into  the  space  c  q, 
tlMU  if  an  additioned  quantity  of  mercury  be  V^^ 
poured  in,  the  air  will  be  still  further  com-  ^ 

pressed.  The  weight  of  the  elevated  column  in  the  tube 
A  B  will  measure  the  elastic  force  of  the  air  compressed 
into  the  top  of  the  tube  b  c.  The  weights  of  the«e 
columns  corre^nding  to  the  spaces  occupied  by  the  air, 
being  compared,  the  law  just  stated  is  clearly  established. 

The  density  of  any  gas  varies  inversely  as  the  space  it 
occupies;  for  the  density  of  any  substance  is  said  to  be 
greater  in  proportion  as  there  is  more  matter  in  the  same 
^aee,  or  the  same  matter  occupies  a  less  space,  and  less 
according  as  there  is  less  matter  in  the  same  space,  or  the 
same  matter  occupies  a  greater  space.  But  the  elastic 
force  is  found  to  vary  inversely  as  the  space ;  it  therefore 
varies  as  the  density. 

90.  lihutratians, -^The  action  of  the  Air  Pnmp^  tiie 
practical  applications  of  which  are  so  well  known,  wiH 
serve  to  illustrate  the  preceding  remarks.  A  portion  ef 
the  air  being  removed  from  the  receiver  by  the  ascent  fi 
the  piston,  that  which  is  left  immediatdiy  dilates  or  ex^' 
pandt,  and  fills  its  place.  But  since  after  every  stMlf^ 
there  is  less  air  in  the  receiver,  that  is,  it  becomes  taret  iiMl 
rarer,  or  diminishes  in  dennQr,  its  elastic  force  will  at  IM 
beceme  very  feeble ;  and  wheta  it  is  so  far  diminished  1Ai» 
be  unable  to  raise  the  valves,  no  more  air  can  be  removed, 
or  the  rarefaction  cannot  be  carried  any  further. 
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The  application  of  the  Condenser  is  exactly  the  reverse 
of  the  preceding;  this  instrument  is  employed  to  compress 
a  great  quantity  of  air  into  a  given  space,  and  by  this  we 
may  verify  the  law  stated  in  the  preceding  article^  that  the 
elastic  force  of  the  air  is  proportional  to  its  density.  If  the 
force  requisite  to  squeeze  in  air  increase  in  exact  proportion 
to  the  quantity  of  air  already  squeezed  in,  the  preceding 
law  will  be  satisfied.  The  instrument  is  not  much  used,  ex- 
cept for  supplying  the  reservoir  of  an  air-gun.  The  elastic 
force  of  the  air  so  compressed  into  the  chamber  of  the  gun 
is  exerted  again  in  exact  conformity  with  the  law,  that  the 
elastic  force  is  proportional  to  the  density.  When  the  air 
ii  very  dense^  its  elastic  force  will  throw  bullets  with  a 
force  not  much  inferior  to  that  of  gunpowder ;  and  the  force, 
with  which  the  pellet  is  driven  from  the  school-boy's  pop- 
gun by  the  elasticity  of  the  condensed  air^  is  exerted  in 
conformity  with  the  preceding  law. 

But  the  very  important  applications  of  the  Air  Vessel 
fiimish  us  with  too  important  an  illustration  of  the  elastic 
force  of  the  air  to  be  wholly  omitted.     The  action  of  all 
pumps  is  intermittent,  that  is,  there  is  some  part  of  the 
strobe,  or  some  instant^  at  which  no  water  flows ;  now  this 
is  in  many  cases  extremely  inconvenient,  and  is  entirely 
obviated  by  forcing  the  water  into  an  air-tight  vessel,  in- 
stead of  raising  it  at  once  by  the  pump.     The  water  so 
forced  in  compresses  the  air,  and  the  elastic  force  resulting 
from  this  compressioii  is  sufficient  to  raise  the  water  through 
a  smaller  pipe,  and  in  a  continuous  stream,  to  the  same 
Ught  as  the  piimp  could  have  raised  it  directly.     There 
are  other  advantages  resulting  ^rom  the  use  of  the  air 
TeHol;  as,  for  instance,  the  prevention  of  jar  in  machinery; 
henoe^  it  has  been  termed  the  Air  Spring,  and  a  most 
appropriate  name  it  is,  since  its  effects  are  precisely  similar 
to  those  attendant  on  the  steel  spring  in  carriages:  it  pre- 
vents that  sudden  and  instantaneous  destruction  of  velocity 
which  is  so  fatal  to  the  durability  of  the  surfaces  which  are 
Ivought  into  contact.    The  application  of  the  air  vessel  on 
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a  small  scale  may  be  seen  in  the  common  fire  engine ;  but 
its  grandest  applications  are  in  water  works,  where,  yrith 
its  assistance,  a  steam  engine,  occupying  but  one  small 
building,  may  entirely  supersede  the  necessity  of  raising 
water  into  elevated  reservoirs  for  the  supplying  extensive 
districts  with  water.  It  is  quite  astonishing  to  reflect  on 
the  results  which  are  brought  about  by  the  simplest  appli- 
cations of  the  laws  of  nature ;  the  water  works  of  London 
are  among  the  most  wonderful  monuments  of  human 
genius  and  ingenuity. 

Another  striking  illustration  of  the  preceding  laws  of 
elastic  fluids,  is  that  of  the  application  of  high  pressure 
steam  as  a  moving  power.  It  is  well  known  that  water  at 
the  temperature  of  212"*  passes  into  an  invisible  vapour, 
under  the  ordinary  pressure  of  the  atmosphere  (Art.  96) ; 
but  when  the  temperature  is  much  higher  than  this,  the 
steam  has  an  elastic  force  which  the  strongest  vessels 
cannot  resist.  For  all  temperatures  higher  than  212*^  it  is 
called  high  pressure  steam,  that  is,  its  elastic  force  is 
greater  than  the  elastic  force  of  the  atmosphere  in  its 
natural  state,  and  when  this  invisible  highly  elastic  fluid 
is  applied  after  the  manner  which  modem  science  has  de- 
vised, it  leads  to  results  which  it  would  take  volumes  to 
detail,  and  which  will  occupy  the  energies  of  generations  to 
come  to  bring  to  perfection. 

91.  Dalton's  Laws, — There  are  some  facts  connected 
with  elastic  fluids  so  remarkable  and  curious  that  they  de- 
serve the  attentive  consideration  of  every  one ;  hitherto, 
however,  they  have  not  been  generally  laid  before  the 
Student  of  physics.  They  relate  to  the  mixture  of  gases 
with  each  other,  and  their  diffusion,  in  defiance  of  the  laws 
of  gratity.  The  phenomena  are  briefly  as  follows ;  let  any 
two  vessels  be  taken,  the  one  containing  hydrogen,  and  the 
other  carbonic  acid  gas,  and  let  the  hydrogen,  which  is  an 
extremely  light  gas,  be  set  above  the  other,  which  is  an  ex- 
tremely heavy  one,  and  a  communication  opened  between 
them.     Then  on  the  gases  being  examined  after  a  short 
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iatenral^  carbonic  acid  gas  will  be  fouud  in  the  upper,  and 
hydrogen  in  the  lower  vessel^  and  there  will  be  a  complete 
mixture,  or,  diffusion  through  each  other.  Again,  if  three 
or  more  vessels  be  set  one  above  the  other,  each  containing 
a  different  gas,  the  same  diffusion  will  take  place ;  there 
will  be  a  perfect  mixture  in  all  the  vessels;  the  gases, 
whatever  be  their  number,  will  be  equally  diffused  throu^ 
each  other,  so  that  any  portion  of  any  one  vessel  will  con- 
tain a  portion  of  all  the  gases.  Again,  if  a  gas  be  con- 
tained in  a  cracked  or  porous  vessel,  the  gas  will  gradually 
diffiise  itself  into  the  air,  and  the  air  into  the  gas,  each 
passing  through  the  cracks  or  pores  at  the  same  time>  but 
in  opposite  directions. 

The  consideration  of  these  and  many  similar  phenomena^ 
led  Dalton  to  infer  that  the  particles  of  one  gas,  though 
highly  repulsive  to  each  other,  exert  no  repulsive  action  on 
the  particles  of  another  gas.  Thus,  one  gas  is  as  a  vacuum 
to  every  other,  the  particles  of  one  permeate  freely  the  par- 
ticles of  another,  without  any  obstruction  except  the  me- 
chanical action  which  they  may  experience  from  impinging 
on  eadi  other.  Thus  one  gas  travels  through  the  inter- 
itioes  of  the  other,  just  as  a  stream  of  water  permeates  a 
land  bed,  or  air  permeates  a  porous  substance,  without 
any  active  opposition ;  and  though,  during  the  difiusion,  the 
inertia  of  the  particles  of  another  gas  may  sometimes 
cause  some  retardation  of  the  motion,  yet  when  the  mix- 
tare  is  complete,  or  the  gases  are  in  a  state  of  rest,  the 
particles  act  only  on  those  of  their  own  kind. 

The  evidence  for  the  truth  of  this  theory  is  of  the  pre- 
sumptive kind,  and  derives  its  strength  from  the  beautiful 
explanation  which  it  furnishes  of  the  known  phenomena. 
Any  other  hypothesis,  affording  as  good  an  explanation, 
would  be  equally  entitled  to  be  received  as  true.  But  in 
default  of  this,  if  the  simplicity  of  an  hypothesis  which 
famishes  a  complete  explanation  of  many  phenomena, 
otherwise  inexplicable,  be  evidence  of  the  truth  of  a  phy- 
sical theory,  then  has  this  of  Dalton  strong  claims,  if  not  on 
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our  belief,  at  least  on  our  attentive  consideration.  The 
difficulty  of  all  other  explanations  arises  from  the  fact,  that 
the  phenomena  take  place  in  defiance  of  the  known  laws  of 
gravity.  Carbonic  acid  gas,  which  is  twenty-two  times 
heavier  than  hydrogen,  remains  in  equilibrium  with  this 
and  all  other  gases,  in  a  state  of  perfect  admixture.  But 
there  is  one  phenomenon  which  aifords  direct  evidence  of 
the  non-action  of  the  particles  of  one  elastic  fluid  on  the 
particles  of  the  other.  If  a  mixture  oi  alcohol  and  water 
be  placed  under  a  partially  exhausted  receiver,  the  evapo- 
ration both  of  the  alcohol  and  water  will  proceed  rapidly, 
and  only  be  suspended  when  the  space  above  becomfls 
charged  with  vapour,  the  elastic  force  of  which  puts  a  atqi 
to  the  formation  of  any  fresh  vapour.  If  now  a  small 
quantity  of  lime  be  put  under  the  receiver  in  a  cup,  the 
vapour  of  water  combining  with  this  will  leave  a  space 
for  the  formation  of  fresh  vapour ;  in  this  way  may  all  the 
water  be  drawn  off,  and  what  is  lef);  will  be  pare  aloohoL 
Thus  it  appears  that  the  action  of  the  watery  vapour  alone 
checks  the  evaporation  of  water,  the  action  of  the  alcohol 
vapour  alone  checks  the  evaporation  of  the  alcohol ;  with- 
draw either,  and  the  evaporation  proceeds.  Thus  the  action 
of  the  particles  of  the  two  fluids  appears  to  be  entirely  in- 
dependent; each  vapour  acts  only  on  its  own  fluid,  without 
any  connexion  with  the  particles  of  the  other.  This  sim- 
ple experiment  alone  gives  a  strong  presumption  in  favour 
of  Dalton's  Law.* 


*  See  Principles  of  Hydrostatict,  Arts.  74 — 77,  and  Memoirt  of  Man- 
chester Society,  Vol.  v. 


SECT.  iy«  TAfi    ATMOSPfiSltS.  137 


Section  IV. 

ON  THE    ATMOSPHERE ITS   WEIGHT EFFECTS — THEORY   OF   WINDS — ' 

LIKITS CONSTITUTION    OF   ATMOSPHERE. 

92,  It  would  be  quite  superfluous  to  attempt  any  proof 
of  the  eidstence  of  the  invisible  medium  in  which  we  live 
and  breathe ;  though  it  does  not  ordinarily  affect  our  senses 
as  immediately  as  the  solid  and  liquid  matter  by  v^hich  we 
are  surrounded,  yet  its  agency  and  existence  are  indicated 
every  where.  There  are  clouds  in  all  climates  and  tem- 
pests in  all  seas ;  hence  the  whole  surface  of  the  globe  is 
encompassed  by  this  airy  envelope.  It  forms  every  where 
I  layer  of  vast  thickness  ;  for  in  all  countries,  on  the  tops 
of  the  highest  mountains,  as  well  as  on  the  plains,  we  see 
the  clouds  carried  along  by  the  wind,  and  above  these 
douds  we  behold  the  deep  colour  of  the  vault  of  hea- 
ven, shewing  the  height  of  the  atmosphere,  just  as  the 
edour  of  the  ocean  shews  the  depth  of  the  water.  Were 
it  not  for  the  air  the  heaven  would  be  dark  and  colourless ; 
it  would  appear  like  a  black  vault,  in  which  the  stars 
would  shine  with  the  same  brilliancy  by  day  as  they  do  by 
night*  This  mighty  mass  of  fluid,  which  is  expanded  over 
the  whole  globe,  and  of  which  the  successive  layers  extend 
far  higher  than  the  highest  mountains,  is  summed  up 
in  the  term  atmosphere.  Its  constitution  is  chemically  the 
same  at  all  altitudes,  places,  and  periods,  and  consists  of 
oxygen  and  nitrogen,  with  small  quantities  of  other  gases, 
respecting  which  however  we  shall  add  more  hereafter. 
Besides  the  molecular  force  to  which  it  owes  its  gaseous 
character,  it  is  subject  to  gravity ;  hence  it  is  brought  at 
once  under  the  laws  of  fluid  equilibrium. 

93.  Pressure  of  the  Atmosphere. — The  atmosphere  being 
a  fluid  acted  on  by  gravity,  we  must  have  the  same  propo- 
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sitions  respecting  its  pressure  and  weight  as  for  a  liquid. 
Hence  the  pressure  is  proportional  to  the  depth;  but  it 
must  be  remembered,  that  we  at  the  surface  of  the  earth 
are  at  the  bottom  of  the  fluid  in  question ;  hence  the  pres^ 
sure  or  weight  of  the   superincumbent  column  will  be 
greater  at  the  surface  of  the  earth  than  at  anj  higher 
levels^   and  will  diminish  regularly  as  we  ascend.     The 
weight  of  the  atmosphere^  which  follows  so  immediately 
from  known  laws,  was  not  established  till  the  3^ear  1640» 
by  Galileo ;  this  discovery  being  followed  out  by  his  pupil 
Torricelli^  was  applied  to  account  for  the  ascent  of  water 
in  the  common  suction  pump ;   and  in  the  hands  of  Pascal, 
was  traced  out  in  all  its  consequences.     The  instrument  by 
which  the  weight  of  the  atmospheric  column  is  measured 
is  termed  a  Barometer.     From  this,  with  the  assistance  of 
the  air-pump,  the  most  distinct  and  complete  proof  of  the 
weight  of  this  invisible  medium  may  be  derived.     The  ba« 
rometer,  in  its  simplest  form,  consists  of  a  small  glass  tube^ 
of  about  32  inches  in  length,  hermetically  closed  at  one 
end;  the  tube  being  filled  with  mercury,  and   a  fingef 
placed  over  the  open  end  to  prevent  the  escape  of  the  mer* 
cury,  it  is  inverted  over  a  vessel  of  mercury,  termed  the 
cistern  or  basin ;  the  finger  then  being  removed,  there  is 
free  communication  betwixt  the  mercury  in  the  tube  and 
the  mercury  in  the  basin,  and  the  former  will  sink  down 
a  little,  and  stand  at  a  height  varying  from  28  to  31  indies 
above  the  mercury  in  the  basin.     The  inner  diameter  of 
the  tube  must  not  be  less  than  one-eighth  of  an  inch,  and 
the  mercury  must  be  dry  and  pure.     When  a  barometer 
tube  has  been  well  filled,  the  space  at  the  top  is  the  most 
perfect  vacuum  with  which  we  are  acquainted. 

The  column  of  mercury  in  the  tube  being  thus  sustained 
at  a  considerable  height  above  the  mercury  in  the  basin, 
contrary  to  the  established  law  of  all  fluids  in  equilibrium 
standing  at  the  same  level,  gave  rise  to  the  invention  of 
most  curious  hypotheses  for  its  explanation.  When  the 
tube  is  less  than  about  29  inches  no  vacant  space  is  lefl  at 
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the  top,  the  whole  tube  remains  full.  This  was  referred  to 
die  ancient  physical  dogma  of  nature's  horror  of  a  va- 
conm;  but  when  it  appeared  from  these  longer  tubes 
that  there  was  a  vacant  space,  and  that  this  was  largest  in 
die  taller  tubes,  it  was  decided  that  nature's  horror  had 
certain  limits,  and  could  be  overcome  by  about  29  inches 
of  mercury,  and  that  then  she  lets  down  the  column  by  a 
flort  of  invisible  chain,  one  end  whereof  is  attached  to  the 
upper  part  of  the  tube,  and  the  other  to  the  mercury. 
Tliese  hypotheses,  however,  are  now  but  matters  of  very 
interesting  and  instructive  history. 

To  shew  that  the  column  of  the  atmosphere  pressing  on 
the  sarlace  of  the  mercury  in  the  basin  is  the  real  cause  <^ 
this  saspension,  let  the  barometer  be  placed  under  the 
receiver  of  an  air-pump.  It  will  be  seen  that  the  column 
of  mercury  sinks  at  every  stroke  of  the  pump,  and  if  the 
or  could  be  entirely  exhausted,  so  that  there  should  be  no 
pressure  exerted  on  the  surface  of  the  mercury  in  the 
basin,  the  surfaces  of  the  mercury  in  the  tube  and  in  the 
basin  would  coincide.  When  the  air  is  admitted  again 
into  the  receiver  the  column  rises  to  its  original  height. 

The  true  cause  then  being  discovered  of  j^ 

this  sustained  column,  we  may  make  use  of 
this  column  to  determine  the  weight  of  the 
atmosphere. 

Let  AB  be  the  tube  inverted  over  mer- 
cary  whose  surface  is  cd,  as  we  have 
Just  explained ;  and  let  p  be  the  upper  sur- 
face of  the  mercury:  then  p  m  is  the 
tQStained  column.  Now  this  column  will 
transmit  to  every  portion  of  the  surface 
o  D  a  pressure  equal  to  its  weight.  Suppose 
the  diameter  of  this  column  to  be  one-eighth 
of  an  inch,  then  every  equal  portion  of  the  surface  c  d  will 
sustain  an  upward  pressure  equal  to  that  which  the  column 
exerts  at  i»,  and  this  must  be  counterbalanced  by  the  down- 
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ward  pressure  of  the  atmosphere ;  that  is,  by  the  weight 
of  a  column  of  the  atmosphere,  which  is  one-eighth  of  an 
inch  in  diameter.  Thus  there  exists  an  equality  between 
the  weights  of  a  column  of  mercury  and  of  the  atmosphere; 
hence,  knowing  one  we  know  the  other ;  we  know  the 
weight  of  the  column  of  mercury,  and  therefore  we  know 
the  pressure  which  the  atmosphere  exerts  on  any  given 
portion  of  the  surface,  which  is  equal  to  the  section  of  this 
column. 

94.  Levelling  by  the  Barometer, ^^Vl^  have  already  seen 
several  instances  of  levelling  by  means  of  the  commcm,  and 
spirit  level  (Art  75),  that  is,  methods  of  determining  a 
series  of  points  on  the  same  level ;  but  the  preceding  prin- 
ciples furnish  us  with  direct  means  of  ascertaining  the 
elevation  of  levels ;  that  is,  the  relative  distance  of  places 
above  or  below  some  grand  level,  as  the  level  of  the  sea 
(Art-  73),  to  which  all  places  are  referred.  This  is 
effected  by  means  of  a  barometer,  and  though  we  cannot 
here  exhibit  the  theoretical  formula  by  which  the  ques- 
tion must  be  solved,  the  principle  of  the  method  ma^  te 
explained  in  a  few  words.  The  pressure  of  the  atmo- 
sphere at  any  point  is  the  weight  of  the  superincum- 
bent column ;  this  must  therefore  be  less  at  higher 
points  than  at  lower.  Suppose  now  that  the  barometer 
at  the  level  of  the  sea  stands  at  30  inches;  at  the  top 
of  a  mountain  it  will  stand  at  a  less  height,  since  the 
column  of  the  superincumbent  atmosphere  is  less ;  at  the 
bottom  of  a  mine  it  will  stand  a  little  higher,  since  the 
superincumbent  column  is  greater.  There  exists  then  an 
accurate  law  between  a  change  of  level  and  the  change  i& 
the  height  of  the  barometer,  and  the  latter  being  observed, 
the  former  can  be  calculated  by  the  assistance  of  theory.* 


*  For  the  accurate  equations  and  the  various  corrections  requisite  in 
this  most  beautiful  problem,  I  must  refer  the  mathematical  reader  to 
my  Theory  of  Fluids,  Arts.  82—84. 
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95*  Height  of  homogeneous  Atmosphere, — The  pressure 
at  any  point  being  proportional  to  the  depth  (Art.  76), 
ttid  the  air  being  an  elastic  fluid  in  which  the  density 
fanes  as  the  pressure^  it  follows  that  the  air  must  diminish 
m  density,  as  we  ascend.  Were  the  atmosphere  of  uniform 
density  its  height  as  well  as  its  weight  could  be  accurately 
determined ;  but  this  not  being  the  case,  its  height  can  only 
be  calculated  on  some  h3rpothetical  law  of  its  density;  as 
for  instance,  we  may  proceed  to  determine  what  would  be 
its  height  supposing  that  the  density  throughout  were  the 
flame  as  the  density  at  the  surface  of  the  earth.  The 
method  of  effecting  this  is  as  follows ;  we  know  the  height 
of  the  column  of  mercury  which  is  in  equilibrium  with  the 
atmoq^heric  column ;  we  know  also  the  density  of  the  mer- 
coty  and  of  the  air;  the  fourth  quantity,  which  is  the 
lieight  of  the  column  of  air,  may  be  at  once  calculated  from 
the  other  three;  the  result  gives  about  five  miles.  So  we 
may  consider  that  the  effects  due  to  the  pressure  alone  of 
the  atmosphere,  are  the  same  as  if  the  atmosphere  were  of 
the  same  density  as  at  the  earth's  surface,  and  about 
five  miles  high. 

96.  Weight  and  Effects  of  Atmosphere, —  Not  only 
does  the  density  of  the  atmosphere  diminish  continuously 
as  we  ascend,  according  to  a  known  and  constant  law,  but 
it  is  also  subject  to  incessant  variations  from  other  causes  ; 
hence  the  pressure  of  the  atmosphere  on  a  given  portion  of 
m£ace  is  subject  to  corresponding  variations.  These  are, 
however,  but  small,  and  will  not  prevent  us  from  obtaining 
a  mean  value  which  may  be  considered  as  the  true  one.  The 
process  by  which  this  is  effected  is  most  simple.  We  have 
seen  that  the  weight  of  a  column  of  the  atmosphere,  one- 
eighth  of  an  inch  in  diameter,  may  be  determined  from  the 
weight  of  a  similar  column  of  mercury.  The  same  reason- 
ing would  apply  to  columns  of  any  size ;  suppose  that  the 
columns  are  square,  and  an  inch  each  way,  that  is,  that 
the  section  of  each  is  a  square  inch.  This  then  will  give 
the  pressure  on  a  square  inch  of  surface.     Now  the  mean 
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height  of  the  barometer  in  this  country  is  about  30  inches; 
the  atmospheric  column  then  which  is  in  equilibrium  with 
this  will  press  on  a  square  inch  of  surface  with  a  weight 
equal  to  that  of  a  quantity  of  mercury  30  inches  high,  and 
one  inch  square^  that  is,  equal  to  30  cubic  inches  of  m^- 
cury,  A  cubic  inch  of  mercury  weighs  7*85  ounces,  theire- 
fore  30  cubic  inches  weig^  7*85  x  30,  or  235*5  ounces, 
which  is  14*9  pounds.  The  pressure  of  the  atmosphere 
may  therefore  be  taken  at  15  lbs.  on  the  square  inch. 

Thus,  when  we  consider  the  number  of  square  inche9 
which  the  surface  of  the  human  body  ^presents,  we  may 
readily  believe  the  assertion  that  at  every  instant  we  are 
pressed  with  a  weight  little  short  of  30,000  pounds.  How. 
is  it  then  that  we  are  not  sensible  of  this  enormous  foocoe  ? 
evidently  because  of  the  equilibrium  which  subsists  q& 
every  side.  And  this  equilibrium  may  be  referred  to  two 
laws  of  physics,  the  one  of  the  equal  transmission  of  fluid 
pressure  (Art.  68),  the  other  that  the  elastic  fcnroe  of  air 
increases  with  the  density,  ot  as  the  space  which  contains 
it  is  diminished  (Art.  89).  So  long  as  there  is  perfect 
equilibrium  in  the  external  air  its  pressure  acts  so  equally 
on  all  sides  that  we  are  not  sensible  of  its  existence,  but 
we  move  all  our  limbs  as  freely  as  in  an  absolute  vacuum; 
and  this  enormous  pressure  from  without  inwards,  is 
balanced  by  the  elastic  force  of  the  air  within  us,  pressing 
from  within  outwards.  Thus  the  human  body  may  be 
considered  as  a  vessel  which  has  its  closed  parts  equally 
pressed  both  on  the  inside  and  the  outside,  and  in  which,  at 
the  open  parts,  there  is  equilibrium  between  the  internal 
and  external  air;  and  we  may  consider  the  human  frame 
as  a  collection  of  open  and  dose  vessels,  all  of  which  are 
*  packed  in  fluids.'^  But  let  us  consider  what  takes  pkce 
when  this  external  pressure  is  increased  or  diminished  in 
any  degree.  Suppose  it  to  be  increased,  then  the  apparent 
bulk  of  the  body  will  be  slightly  diminished,  all  the  air  in 
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the  interior  will  consequently  be  compelled  to  occupy  a 
less  space,  its  elastic  force  will  therefore  be  increased :  thus 
will  there  be  perfect  equilibrium  between  the  external  and 
intemal  pressures,  so  that  we  are  insensible  of  the  changes 
and  adaptations  which  have  been  going  on.  Nor  are  these 
diangea  trifling  or  inconsiderable ;  they  will  frequently  be 
very  great,  as  when  the  body  is  immersed  to  any  depth 
below  water ;  if  a  person  descend  16  feet,  the  pressure  on 
the  surfiue  is  increased  one-half,  and  yet  no  diver  was  ever 
lensiUe  of  this,  and  in  the  cases  where  they  descend  to 
many  ibthoms  the  pressure  may  be  multiplied  many  times ; 
every  32  feet  of  descent  is  equivalent  to  compressing  the 
body  by  another  atmosphere,  and  yet  not  one  of  the  many 
milliona  of  delicate  nerves  which  envelope  the  body  was 
ever  injured  by  it.  All  which  surprising  phenomena  are 
at  onoe  resolved  by  the  consideration,  that  in  virtue  of  the 
kws  of  fluids,  the  external  and  intemal  pressures  will  neu- 
tralise each  other,  whatever  be  the  weight  of  the  superin- 
combent  mass. 

A  diminution  of  pressure  will  be  attended  with  a  cor- 
responding adaptation  on  which  it  is  unnecessary  to  dwell. 
But  it  will  be  interesting  to  consider  for  an  instant  the 
effects  produced  by  preventing  the  possibility  of  this  adap- 
tation of  intemal  forces,  as  by  removing  a  portion  of  the 
external  air.  The  operation  of  cupping  presents  an  ad- 
mirable illustration  of  the  effects  that  would  be  produced. 
Here,  when  the  warm  air  in  the  interior  of  the  cupping 
^bss  has  cooled  to  the  natural  temperature  of  the  external 
air,  it  is  of  xx\\xdi  less  elastic  force  than  the  external  air,  and 
oonaequeDtly  it  cannot  balance  the  intemal  pressure  which 
was  before  in  equilibrium  with  the  external  air;  the  in- 
ternal pressures  not  being  counterbalanced,  cause  the 
vessels  of  the  body  to  be  distended  and  swell  out. 

The  pressure  of  the  atmosphere  determines  the  boiling 
pmnt  of  water,  as  we  shall  see  hereafter ;  when  the  air  is 
removed,  water  presents  the  usual  phenomena  of  boiling  at 
very  low  temperatures.      The  ordinary  pressure  of  the 
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atmosphere  and  the  ordinary  boiling  point  are  then  sub- 
ject to  like  variations^  but  these  being  small,  no  errors  of 
any  importance  result  from  them. 

97.  Inverted  Vessels. — The  suspension  of  water  in  an 
inverted  vessel  is  owing  to  the  pressure  of  the  atmosphere. 
If  a  tube  closed  at  one  end^  and  of  small  diameter,  be 
filled  with  water  and  inverted,  the  fluid  will  remain  sus- 
pended ;  and  if  means  be  taken  to  insure  the  stability  of 
the  surface,  that  is,  to  prevent  the  particles  from  being 
shaken  out  of  their  places,  a  vessel  of  any  diameter  may  be 
inverted.     Thus,  for  instance,  if  a  tumbler  be  filled  with 
water,  and  a  piece  of  paper  be  laid  on  the  surface  of  the 
water,  the  vessel  may  be  inverted,  and  the  atmospheric 
pressure  on  the  under  surface  of  the  paper  will  prevent 
the  water  from  running  out.    The  paper  is  merely  a  means 
by  which  steadiness  may  be  given  to  the  particles  at  the 
surface  of  the  fluid.     A  tumbler  so  inverted  may  be  set 
down  on  a  table,  and  the  piece  of  paper  drawn  away ;  the 
tumbler   cannot  be  raised   up,   without   spilling  all  the 
water. 

The  siphon  is  an  instrument  in  very  general  use,  and 
whose  action  may  be  at  once  explained  by  the  preceding 
principles.     The  water  which  is  sustained  in  the  two  legs 
has  a  tendency  to  separate  at  the  upper  part,  one  column 
running  out  by  each  orifice.     But  this  cannot  take  place 
without  a  partial  vacuum  being  formed  at  the  top,  and 
this  will  be  prevented  by  the  atmospheric  pressure,  unless 
the  columns  be  more  than  32  feet,  which  is  never  the  case 
in  the  siphon :  one  of  these  pressures  acts  directly  at  the 
orifice  of  the  longer  leg,   and  the  other  is  transmitted 
through  the  surface  of  the  fluid.     Now   one  column  is 
longer  than  the  other,  both  legs  being  full,  and  the  longer 
column  being  the  heavier  will  draw  the  other  in  its  direc- 
tion.     This  motion   will  go   on  continuously,   and   the 
siphon  will  be  kept  full  by  the  pressure  of  the  air  on  the 
surface  of  the  water  in  the  vessel  from  which  it  is  drawn 
off.     Were  the  tube  not  to  be  kept  constantly  full  there 
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would  be  a  separation  at  some  point  which  the  atmospheric 
pressure  is  sufficient  to  prevent*  Thus  the  motion  of  a 
fluid  through  the  siphon  is  precisely  similar  to  the  motion 
of  a  smooth  chain  hanging  over  a  point.  If  the  two  parts 
of  the  chain  are  equal  thd  chain  remains  at  rest,  but  if  one 
portion  be  longer  than  the  other  it  moves  in  the  direction 
of  the  longer  portion.  Fresh  links,  so  to  speak,  are  added 
continuously  to  this  fluid  chain  by  the  atmospheric  pres- 
sors on  the  surface  of  the  fluid,  so  that  the  chain  being 
iDontinuous,  the  motion  is  continuous  also,  and  does  not 
cease  till  one  portion  of  the  chain  becomes  equal  to  the 
other;  thus  the  water *« continues  to  run  through  the 
^hon  until  the  level  of  the  water  in  the  basin  coincides 
with  the  level  of  the  orifice  through  which  the  fluid  is 
discharged. 

98.  Atmospheric  Strata. — The  mathematical  conditions 
of  equilibrium  of  a  fluid  mass,  such  as  the  atmosphere  is 
known  to  be,  suggest  some  important  considerations  re- 
specting  the  strata  of  the  atmosphere.  The  density  at  any 
point  is  proportional  to  the  pressure  by  the  known  laws  of 
dastic  fluids;  hence  the  density  of  the  atmosphere  dimi« 
lushes  gradually  from  the  surface  of  the  earth  upwards. 
The  atmosphere,  as  we  shall  see  presently,  must  have  a 
Hmit,  and  consequently,  a  bounding  surface,  and  the  form 
of  this  surface  will  be  nearly  spherical;  that  is,  it  will  be 
parallel  to  the  surface  of  the  ocean ;  both  the  atmosphere 
and  the  ocean  are  seas  of  fluid  matter,  and  subject  to  the 
same  forces  of  gravity  and  rotation.  The  bounding  sur- 
face will  therefore  be  a  level  surface,  and  every  surface 
similar  to  thisr,  or  every  other  level,  must,  if  the  atmosphere 
is  in  equilibrium,  be  subject  to  the  following  condition: 
*  That  tiie  pressure,  the  density,  and  the  temperature,  is 
tile  name  throughout;'*  that  is,  whatever  two  or  more 
points  of  the  same  level  we  choose,  the  pressures  on  any 
equal  portions  must  be  the  same,  and  consequently,  the 

•  neary  of  Fluids,  AiU.  17—20. 
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densities  the  same;  also  they  must  be  of  the  same  tem- 
perature. This  being  the  case,  the  atmosphere  will  be  at 
rest,  and  will  be  composed  of  concentric  level  strata,  whose 
densities  differ  from  each  other  by  insensible  gradations. 
These  considerations  of  homogeneous  level  strata  will  be 
found  of  very  great  importance  in  the  subject  of  the  refrac- 
tion of  light. 

99.  Theory  of  Winds. — Simple  as  the  preceding  condi^^ 
tion  is,  it  evidently  cannot  be  fulfilled  in  the  ocean  of 
the  atmosphere;  an  universal  calm  is  inconceivable  in  a 
fluid  possessing  such  mobility  and  elasticity,  since  a  dis- 
turbance at  a  single  point  will  set  the  whole  in  motion. 
But  the  alternate  presence*  and  absence  of  the  sun  is  the 
cause  to  which  the  disturbances  of  the  atmosphere  are  to 
be  attributed  ;  this  may  probably  ultimately  be  considered 
as  the  sole  cause;  it  is  certainly  a  very  principal  one.  The 
condition  of  equilibrium  expresses  that  the  temperature 
must  be  uniform  in  the  same  level,  or,  in  other  words,  it 
must  be  every  where  the  same  at  the  same  height  above 
the  earth's  surface.  There  are  many  causes  which  con- 
spire to  prevent  this  uniformity  of  temperature.  The 
quantity  of  heat  derived  from  the  sun  is  very  various 
during  the  twenty-four  hours.  But  besides  this,  the 
variations  in  temperature,  arising  from  local  causes,  are 
amply  sufficient  to  disturb  the  uniformity  which  is  re- 
quisite for  absolute  rest. 

The  disturbances,  however,  which  must  principally  be 
considered,  are  those  due  to  the  temperature  for  difierent 
latitudes.  The  climates  of  different  parts  of  the  earth's 
surface  are,  unquestionably,  owing  in  a  great  measure  to 
their  position  with  respect  to  the  sun.  At  the  equator,  the 
sun  is  during  all  seasons  nearly  vertical,  and  any  given 
portion  of  the  surface  receives  at  all  times  a  much  greater 
quantity  of  heat  than  an  equal  portion  near  the  poles; 
for  the  passage  of  the  rays  of  light  and  heat  in  a  vertical 
direction  is  much  less  interrupted  than  in  an  oblique  di- 
rection.    It  is  owing  to  the  heat  lost  in  consequence  of  the 
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oblique  incidence  of  the  sun's  rays  that  the  inhabitants  of 
our  latitudes  receive  so  much  less  heat  in  winter  than  in 
summer,  although  the  earth  is  much  nearer  the  sun  at  the 
former  than  at  the  latter  period.  There  is  a  continuous 
dinuBLUtion  in  the  mean  temperature  as  we  advance  from 
the  equator  towards  either  pole ;  this  may  be  interrupted 
at  particular  places,  owing  to  local  causes,  but  the  general 
law  is  such  as  we  have  stated.  The  mean  temperature  of 
the  equator  is  about  84°  F.  The  temperature  of  our  lati- 
tude is  exceedingly  variable ;  the  mean  in  January  being 
36"  F.,  in  July  and  August  6V  F.,  and  in  December  39°  F.  ; 
the  mean  temperature  for  the  whole  year  is  about  50®  F. 
in  London.  From  the  observations  of  Scoresby,  in  high 
northern  latitudes,  it  appears  that  the  mean  temperature 
for  latitude  76®  45',  is  about  18°  F.,  and  for  latitude  78«» 
about  16^  F.:  from  these  and  other  data  the  mean  tem- 
perature of  the  North  pole  is  supposed  to  be  about  4""  F. 
From  these  statements  it  will  be  at  once  seen  that  there 
moat  exist  about  the  equatorial  regions  a  belt  of  air  of 
much  higher  temperature  than  exists  in  other  latitudes. 
The  effect  of  this  increased  temperature  is  a  dilatation  or 
increaae  in  bulk ;  the  mass  so  heated  and  dilated  becomes 
specifically  lighter  than  the  surrounding  air,  rises  up,  and 
its  place  is  supplied  by  colder  air,  which,  becoming  heated, 
is,  in  its  turn,  replaced  by  a  fresh  quantity.  The  ascent 
of  the  heated  air  causes  a  constant  upward  current,  and 
the  motion  of  the  air,  which  replaces  this,  causes  a  constant 
current  flowing  in  on  each  side  from  the  poles  towards 
the  equator.  The  heated  air  having  ascended,  flows  to- 
wards each  pole.  Thus  we  have  two  systems  of  currents, 
an  upper  and  a  lower  current ;  whereof  the  upper  current 
coniirts  of  the  hot  air,  which  having  ascended  from  the 
equatorial  regions,  is  travelling  towards  the  poles,  and  the 
lower  current  is  the  cold  air  of  higher  latitudes,  which  is 
travelling  towards  the  equator. 

We  may  now  endeavour  to  give  some  account  of  the 
amUaat  winds,  such  as  the  trade  winds,  the  monsoons,  and 
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other  local  or  periodic  winds,  whicli  follow  some  regular 
law.  The  upper  current  would,  were  there  no  other 
causes  in  operation^  travel  due  north  and  south ;  that  is,  it 
would  be  a  south  wind  in  the  northern,  or  our  hemisphere, 
and  a  north  wind  in  the  southern  hemisphere;  but  the 
lower  current^  on  the  contrary,  would  be  a  north  wind  in  our 
hemisphere^  and  a  south  wind  in  the  southern  hemisphere. 
The  directions  of  these  currents  are^  however,  modified  by 
the  motion  of  the  rotation  of  the  earth.  The  atmosphere 
revolves  round  with  the  earth,  but  since  the  particles  of 
the  air  in  the  lower  current  are^  as  they  move  towards 
the  equator,  travelling  successively  over  points  of  the  earth 
which  have  a  greater  and  greater  linear  velocity ;  the  air 
does  not  acquire  all  at  once  the  linear  velocity  which  is 
due  to  the  latitude  to  which  it  has  descended^  and  the 
particles  of  the  air  appear  consequently  to  oppose  the 
motion  of  the  earthy  which  is  from  west  to  east ;  thus^  a 
north-east  wind  is  created  in  our  hemisphere,  and  a  south- 
east in  the  southern  hemisphere.  These  north-east  winds 
are  the  regular  trade  winds^  which  are  of  such  vast  im- 
portance to  mariners,  since  they  furnish  a  constant 
wind  within  30°  on  each  side  of  the  equator.  At  some 
points  near  the  equator  the  winds  will  lose  their  regular 
easterly  character,  and  will  be  as  irregular  as  in  our  own 
latitude.  The  air  having  acquired  the  velocity  of  the 
earth  in  its  approach  to  the  equator  will  appear  to  be  at 
rest,  or  to  be  simply  a  north  and  south  wind.  The  regular 
trade  winds,  then,  result  from  th^  fact  that  air,  bdng 
rapidly  transferred  from  higher  to  lower  latitudes,  does 
not  acquire  all  at  once  the  velocity  which  is  due  to  the 
distance  at  which  it  is  from  the  earth's  centre. 

The  motion  of  the  upper  current  will  furnish  us  with 
an  explanation  of  some  other  constant  winds,  which  are 
known  to  exist.  In  the  extra*tropical  regions  there  fre- 
quently exists  a  south-westerly  wind  in  the  northern 
hemisphere,  and  a  north-westerly  wind  in  the  southern 
hemisphere.     These   winds    may   be    seen    at    once  to 
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arise  bom,  the  combined  motion  of  the  earth  and  of  the 
upper  current.  The  upper  current  having  the  velocity  in 
a  westerly  direction,  which  is  due  to  the  equatorial  regions 
of  the  earthy  moves  faster  than  the  air  in  thoie  higher  lati-> 
tudesy  towards  which  it  is  moving*  As  it  descends  to  the 
earth,  on  parting  with  its  heat,  it  does  not  lose  all  this 
velocity,  but  moves  faster  than  the  other  air ;  and  as  this 
excesstor  the  relative  velocity  increases  as  the  air  approaches 
the  surface  of  the  earth,  the  current,  by  the  time  that  it 
reaches  the  earth,  having  a  decidedly  westerly  motion, 
appears  as  a  strong  south-west  wind.  In  the  southern 
l^emisphere  the  wind  arising  from  the  combination  of  this 
excess  of  motion  in  the  westerly  direction  with  the 
northerly  motion  creates  the  north-west  winds  which  are 
known  to  prevail  in  the  extra-tropical  regions  of  that 
hembphere.  The  motion  of  this  upper  current  is  known 
from  actual  observation  to  be  such  as  here  stated.  The 
top  of  the  Peak  of  Tenerifie  is  swept  by  a  wind  whose 
direetion  is  contrary  to  the  trade  wind  which  blows  at  its 
base.  Heavy  metallic  dust,  such  as  is  projected  from  a 
volcano,  is  frequently  carried  many  miles  in  a  direction 
quite  ooDtrary  to  the  wind  which  prevails  at  the  top  of  the 
mountain.  The  island  of  St.  Vincent  is  many  miles  to  the 
west  of  BarbadoeSy  and  both  lie  within  the  regular  action 
of  the  trade  winds.  But  during  one  eruption  of  a  volcano 
ia  St.  Vincent,  the  dust  was  carried  in  a  dense  cloud  in 
a  direction  opposite  to  the  trade- wind,  and  overhung  and 
fell  upon  the  island,  and  many  miles  out  to  sea  to  the 
eastern  side  of  the  island.  In  this  case  the  dust  was  pro- 
jected up  through  the  lower  current  which  moves  in  a 
north-easterly  direction,  into  the  upper  current  which 
moves  in  a  south-westerly  direction,  and  was  carried  along 
by  it«  This  fact  shews  the  immense  rapidity  of  the  westerly 
current,  whence  the  fearful  hurricanes,  which  so  £re* 
quently  devastate  these  tropical  regions,  may  arise. 

These  south-westerly  and  north-westerly  currents  have 

o2 
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been  called  compensation  currents,  from  the  way  in  which 
they  assist  in  restoring  and  maintaining  the  rotatory  motion 
of  the  earth.  The  continuous  action  of  the  trade-winds, 
opposed  as  they  are  to  the  direction  of  the  earth's  rotation, 
.must  to  a  certain,  though  only  an  infinitesimal  extent, 
xetard  that  motion,  and  this  retardation  might  be  expected 
to  be  sensible  after  a  long  lapse  of  years.  But  no  such 
.retardation  has  been  detected,  and  yet  the  continuous 
action  of  these  winds  in  a  direction  opposed  to  that  of  the 
ettrth's  rotation  is  a  certain  fact;  their  action  must  th^n 
4)e  compensated ;  and  this  is  effected  by  the  upper  current, 
which  has,  on  being  diverted  downwards,  an  excess  of 
motion  in  the  direction  of  the  earth's  rotation.  The  con- 
tinuous action  then  of  these  winds  would  accelerate  the 
motion  of  the  earth,  just  as  much  as  the  continuous  action 
of  the  trade- winds  would  retard  that  motion :  but  since 
both  are  in  action  they  compensate  each  other's  effects,  and 
the  rotation  of  the  earth  continues  invariable.  The  pre- 
ceding remarks  furnish  a  striking  illustration  of  what  was 
previously  stated  (Arts.  25  and  33) »  that  power  is  not 
created,  but  only  converted,  and  that  the  amount  of  motion 
which  exists  in  the  world  can  neither  be  increased  nor 
diminished. 

There  are  periodical  winds  which  blow,  during  par- 
ticular seasons,  in  a  constant  direction,  and  which  illus- 
trate the  preceding  principles.  The  monsoons,  which  pre- 
vail between  Madagascar  and  New  Holland,  blow  as  a 
north-wind  during  our  summer,  and  a  south* wind  during 
our  winter.  The  land  and  sea  breezes  are  very  well 
Icnown ;  during  the  day  a  breeze  frequently  sets  in  from 
sea  to  land,  and  during  the  night  from  land  to  sea ;  the 
land  being  hotter  than  the  sea  during  the  day,  and 
colder  during  the  night.  The  effects  of  the  hot  aandj 
plains  of  Africa  in  changing  the  direction  of  the  wind,  and 
in  causing  the  trades  to  lose  their  easterly  character,  is  veiy 
well  known ;  but  we  cannot  dwell  any  longer  upon  these 
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moit  interesting  phenomena ;  they  may  in  general  be  rea- 
dily explained  by  the  principles  which  have  here  been  laid 
down. 

100.  LimittoftheAtmosphere.''-^The&tmoBphefe'bdxig 
suf^osed  to  be  nnlimited>  would  pervade  all  space^  and 
accmmilating  about  the  sun^  moon,  and  planets^  wonld 
fcrtn  around  each  an  atmosphere  analagous  in  its  laws  to 
oor  tettestrial  atmosphere.  But  optical  and  astronomical 
observadons  render  it  certain  that  our  atmosphere  is  con- 
fined to  the  earth.  There  is  then  a  point  beyond  which 
no  paarticle  of' the  air  we  breathe  exists;  the  bounding 
sarlaoe^  or  last  stratum  of  the  atmosphere^  is  the  utmost 
limit  at  which  the  ponderable  matter  of  our  earth- exists ; 
at  this  point  the  void,  in  the  sense  just  explained,  com- 
mences. 

Such  being  the  case,  we  must  explain  the  causes  which 
fix  thiar  limit.  The  air  diminishes  in  density  as  we  ascend ; 
the  elastic  force^  that  is,  the  repulsive  power  of  the  par- 
tides^  diminishes.  This  repulsion,  which  compels  the 
particles  to  separate  frOm  each  other,  and  become  diffused, 
causes  them  to  recede  from  the  centre  of  the  earth,  or  in 
the  direction  opposed  to  gravity.  There  will  then  be  some 
point  at  which  the  elasticity  becomes  so  much  diminished 
that  the  repulsive  force  is  exactly  equal  to  the  force  of 
gravity ;  at  this  point  no  further  diffusion  can  take  place, 
or  a  Umit  will  be  fixed  to  the  atmosphere*  One  cause 
which  will  contribute  much  to  a  rapid  diminution  in  the 
dastic  force  of  the  air  is  the  extreme  cold  of  the  upper 
regions ;  so  that  this,  combined  with  the  diminished  density, 
will  bring  about  the  limit  which  we  are  sure  must  exist  at 
no  great  elevation.* 

101.  Constitution  of  the  Atmosphere.^-The  octuAl  com- 
position of  the  atmosphere  is  generally  regarded  as  belong- 
ing to  Chemistry  rather  than  to  Physics.     This,  however, 

*  The  actual  height  of  the  atmosphere  is  not  fully  ajgn*eed  upon  ;  it 
maj  be  stated  however  as  less  than  50  miles :  about  45  is  Woilaston's 
calculation. 
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arises  from  the  view  which  is  sometimes  taken  of  the 
union  of  the  different  gases  composing  it.  The  old 
opinion  of  a  chemical  union  is  untenable,  since  it  is 
not  sufficient  to  account  for  all  the  phenomena,  and  re- 
course must  be  had  to  the  theory  of  Dalton^  which  sup* 
poses  a  mere  mechanical  admixture  according  to  the  laws 
of  the  mixture  of  elastic  fluids,  {which  we  have  already 
explained  (Art.  91).  Pure  atmospheric  air  consists  of  20 
or  21  parts  of  oxygen,  and  80  or  79  of  nitrogen,  out  of 
every  100  measures.  These  proportions  are  invariably 
presenred  at  all  times,  places,  and  heights,  above  the  earth's 
surface.  Several  other  substances  are  always  present,  $» 
carbonic  acid  gas,  aqueous  vapour,  &c.,  but  they  are  small 
in  amount.  The  question  is,  as  to  the  state  of  combinar 
tion  in  which  these  quantities  exist  so  as  to  constitute  our 
atmosphere.  It  is  certain  that  the  atmosphere  possesses  all 
the  characteristics  of  a  mechanical  mixture,  such  as  results 
from  Dalton^s  law ;  hence,  in  the  absence  of  all  other  suf* 
ficient  explanations,  we  are  bound  at  present  to  receive 
this,  and  reason  upon  it  as,  at  least,  if  not  a  true,  a  possible 
and  a  probable  theory.  It  appears  that  our  atmosphere  is  a 
compound  of  several  simple  atmospheres ;  there  is  the  oxygeo 
atmosphere,  the  azote  or  nitrogen  atmosphere,  the  carboaie 
aeid  gas  atmosphere,  the  aqueous  atmosphere,  and,  perhaps^ 
several  others.  Each  is  in  equilibrium  with  itself^^  mid 
each  can  be  withdrawn  without  disturbing  the  others.  It 
is  impossible,  within  our  present  limits,  to  insist  on  the 
applications  of  this  theory,  but  enough  has  been  said  to 
shew  what  may,  perhaps,  be  the  true  law  of  the  constitu- 
tifln  of  the  atmosphere. 
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Section  V. 

rLOIDS    IN     MOTION ^VKLOCITY   OF    XFFLUT TSNA    CONTRACTA ADJU- 
TAGES  RESISTANCE    OF    FLUIDS — APPLICATIONS    OF    FLUID    MOTION*-^ 

MOTIOV   OF   KITE&S WAVES TIDES. 

102.  A  portion  of  any  fluid,  left  entirely  to  itself,  would 
fall  to  tlie  earth  precisely  according  to  the  same  laws  as 
those  which  regulate  the  descent  of  a  solid.  Of  this  we 
have  sufficient  evidence  in  the  fall  of  rain,  or  of  any  vessel 
containing  fluid ;  and  if  any  mass  of  air  were  suddenly 
deprived  of  all  the  surrounding  air,  it  would  fall  to  the 
earthy  as  if  it  were  a  mass  of  solid  stone.  Any  liquid 
also  will  oscillate  precisely  according  to  the  same  laws  as  a 
solid:  of  this  we  have  already  had  an  instance  in  the  bobs 
of  pendulums  whidi  are  generally  mercurial^  that  is,  small 
veffids  filled  with  mercury ;  and  if  any  liquid,  as  water,  be 
(xmtained  in  a  bent  tube,  it  will  oscillate  precisely  accord- 
ing to  the  same  laws  as  a  solid,  the  duration  of  the  oscilla- 
tions in  different  tubes  being  as  the  square  roots  of  the 
lengths  of  the  tubes.  These  considerations  are,  however,  of 
IK)  great  importance,  except  on  account  of  the  evidence 
which  they  afford  of  the  universality  of  the  action  of  gra- 
vity ;  it  is  still  the  same  force,  acting  every  where,  whose 
laws  may  be  detected  equally  in  the  fall  of  a  stone,  and  d 
a  cataract;  or  in  the  more  useful  motions  of  the  stream, 
w  of  the  fluid  issuing  from  the  orifice  of  a  vessel. 

103.  Velocity  of  Efflux. — ^When  any  liquid  flows  freely 
into  the  air,  and  has  its  surface  retained  at  a  constant 
height,  the  following  proposition  is  very  nearly  true :  *  The 
particles,  as  they  pass  the  orifice,  have  the  velocity  which 
they  would  acquire  by  falling  in  vacuo,  through  a  height 
equal  to  the  height  from  which  they  have   descended.' 
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Some  important  conclusions  may  be  drawn  from  this,  and 
compared  with  experiment. 

1°.  The  velocity  of  efflux  depending  simply  on  the  depth 
of  the  orifice,  and  not  at  all  on  the  nature  of  the  liquid, 
must  he  the  same  for  all  fluids ;  for  all  substances  falling 
from  the  same  height,  in  vacuo,  acquire  the  same  velocity. 
Thus,  water  and  mercury  will  flow  through  orifices  which 
are  at  the  same  depth  below  the  surface  of  the  fluid  with 
the  same  velocity.  The  mercury,  however,  is  acted  on  by 
a  much  greater  pressure  at  the  orifice  than  the  water ;  for 
if  the  depth  of  the  orifice  be  32  feet  below  the  surface,  the 
water  will  be  pressed  only  with  the  pressure  of  one  atmo- 
sphere, but  the  mercury  will  be  acted  on  by  a  pressure  of 
more  than  thirteen  atmospheres. 

2*^.  ^  In  the  same  liquid  the  velocity  of  efflux  will  be  as 
the  square  roots  of  the  height  from  which  it  has  descended/ 
For  the  velocity  of  all  heavy  bodies,  falling  freely,  are  as 
the  square  roots  of  the  heights  from  which  they  have 
fallen.  Thus,  in  a  vessel  100  feet  high,  if  two  orifices  be 
pierced,  the  one  at  the  depth  of  one  foot,  and  the  other  at 
the  depth  of  100  feet,  the  velocity  of  the  liquid  flowing  out 
of  the  latter  will  be  ten  times  greater  than  the  velocity 
of  the  liquid  from  the  former.  If  orifices  be  made  at 
intermediate  points,  as  at  4,  9,  16,  &c.,  feet  from  the  sur- 
faoe,  there  will  issue  2,  3,  4,  &c.,  times  the  quantity  which 
issues  from  the  depth  of  one  foot.  In  all  these  cases  there 
is  a  loss  both  in  the  quantity  and  velocity  of  the  issuing 
fluid  due  to  friction,  which  makes  the  determination  of  the 
exact  amount  of  the  issuing  fluid  both  with  reference  to 
quantity  and  velocity  a  difficult  question ;  but  the  preced* 
ing  statements  are  independent  of  this  retarding  cause; 
we  have  merely  stated  that  the  amount  and  velocity  will 
be  douUe  in  one  case  what  it  is  in  another ;  the  absolute 
amount  is  a  quantity  only  to  be  decided  by  most  careful 
experiments ;  this  having  been  determined  for  one  case^  all 
other  cases  will  be  known  by  theory. 

In  considering  the  discharge  from  a  given  orifice,  we 
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must  remember  that  the  quantity  of  the  fluid,  and  the 
velocity  with  which  it  issues  forth^  are  doubled  at  the  same 
time.  When  the  velocity  of  a  fluid  is  doubled,  twice  the 
quantity  passes  through  the  same  orifice  in  one  second;  and 
when  twice  the  quantity  passes  through  the  same  orifice  in 
one  secon^  the  velocity  of  the  issuing  fluid  is  doubled ; 
this  of  course  applies  only  to  a  fluid  like  water,  which  may 
be  considered  incompressible.  Hence  the  preceding  law  is 
perfectly  consistent  with  itself,  since  the  real  eflects  are 
exactly  those  which  the  change  in  the  pressure  at  the  orifice 
would  lead  us  to  expect.  Should  the  upper  surface  of  the 
fluid  be  subject  to  any  pressure  besides  the  ordinary  atmo- 
spheric pressure,  that  is^  should  there  be  any  appreciable 
difierence  between  the  pressure  at  the  sur&ce  of  the  fluid> 
and  of  the  air  from  without  inwards,  at  the  orifice*  it  will 
be  equivalent  to  an  increased  height  of  fluid  column,  and 
may  be  allowed  for  accordingly.  When  water  issues  from 
a  vessel  into  the  air,  the  pressure  of  the  atmosphere  on  its 
8ur&cQ  transmits  a  pressure  through  the  fluid  to  the  issuing 
portioa  at  the  orifice,  which  may  be  considered  as  exactly 
equal  to  the  pressure  which  the  atmosphere  exerts  directly 
at  the  orifice,  to  oppose  the  issuing  fluid ;  hence,  under 
ordinary  circumstances,  the  laws  of  water  issuing  into  the 
atmo^bere  will  be  the  same  as  if  the  whole  operation  took 
place  under  an  exhausted  receiver,  in  a  perfect  vacuum. 
If  now  any  pressure  besides  this  be  exerted  on  the  surface, 
as  if  the  vessel  have  a  piston  fitted  to  it,  which  is  pressed 
down  by  a  given  weight,  the  additional  pressure  thus 
caused  at  the  orifice  produces  the  same  efiect  in  increasing 
die  discbarge  as  would  be  produced  by  an  additional 
odumn  a£  water  of  the  same  weight.  Again,  if  the  pres- 
sure on  the  surface  be  diminished  in  any  manner,  that  is, 
be  leas  than  the  pressure  at  the  orifice,  as,  for  instance, 
when  &ee  communication  is  cut  off  with  the  external  air, 
the  discharge  will  soon  cease  altogether.  Hence,  we  may 
at  once  see  the  necessity  of  a  cask  being  furnished  with 
a  vent  p^  if  any  liquid  is  to  be  drawn  from  it ;  there 
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must  be  a  supply  of  air  above  the  liquid  in  the  cask,  whose 
elastic  force,  together  with  the  weight  of  a  column  of  the 
liquid^  must  more  than  equal  the  external  pressure  of  the 
atmosphere^  .or  there  can  be  no  discharge ;  and  this  must 
generally  be  supplied .  by  giving  vent  or  admission  to  the 
external  air  at  the  top  of  the  cask. 

104.  Vena  Coniractcu — When  fluid  issues  from  an  orifice 
there  is  a  remarkable  contraction  of  the  vein  or  stream^  to 
which  the  Latin  phrase^  vena  contracta,  or  contracted  veini 
has  been  applied.  Suppose,  for  example,  that  water  de- 
scends in  a  vertical  stream  from  an  orifice  pierced  in  the 
bottom  of  a  vessel,  or  in  a  parabolic  jet  from  an  orifice 
at  the  side ;  let  this  orifice  be  a  circle  of  an  inch  diameter; 
then  close  by  the  vessel  the  issuing  stream  will  be  nearly 
an  inch  in  diameter,  but  it  will  gradually  contract,  and  at 
a  small  distance  it  will  be  considerably  less,  not  more  than 
^*^  of  an  inch.*  Thus  the  particles  of  the  fluid  converge 
to  a  section  at  a  certain  distance,  from  which  it  goes  on  in 
a  constant  permanent  form*  This  convergence  results 
from  the  diflerent  velocities  at  diflerent  parts  of  tlie  issuing 
stream,  t  If  all  the  particles  passed  the  orifice  with  the 
same  velocities,  and  in  directions  parallel  to  the  axis  of  the 
issuing  stream,  there  would  be  no  contraction,  because 
there  would  be  nothing  to  make  them  deviate  from  the 
direct  line  of  their  motion.  But  the  fluid  descends  in  all 
directions  towards  the  orifice,  so  that  within  a  short  dis- 
tance of  the  orifice  the  particles  form  a  sort  of  funnel^ 
which  extends  through  the  orifice  up  to  the  commence- 
ment of  the  vena  contracta ;  these  converging  particles  in 
the  interior  of  a  fluid  constitute  what  is  termed  the  gorge; 
which  is  formed  equally,  whether  the  orifice  be  at  the 
bottom,  or  at  the  side.  Every  one  must  have  observed 
that  a  stream  from  any  orifice  is  less  at  some  distance  than 
close  to  the  vessel ;  but  the  particular  shape  of  the  issuing 


*  See  Reiinie*s  Report^  Brit.  Assoc.,  1834. 
t  Theory  of  Fluids,  Art.  118. 
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stream,  and  of  the  vena  contracta,  will  depend  on  the  form 
of  tlie  orifice^  and  the  distance  at  which  the  sections  are 
taken.    When  the  orifice  is  a  circle^  the  section  of  the 
stream  is  always  a  circle ;  but  when  the  orifice  is  a  square^ 
the  sections  at  different  distances  have  very  various  shapes  • 
At  a  small  distance  from  the  orifice  the  an^es  disappear 
altogether,  or  are  cut  off  and  replaced  by  straight  lines,  so 
that  the  section  is  an  octagon  of  four  small  equal  sides , 
and  faar  large  equal  sides ;  a  little  farther  the  section  be- 
come nearly  a  regular  octagon  with  the  sides  slightly 
carved ;  still  ferther  it  is  a  curvilinear  four-sided  figure, 
bong  ooncave  towards  the  exterior.     There  are  several 
odier'  remarkable  varieties    in  the  form  of  the  stream 
ianinig  from  other  orifices,  but  we  cannot  now  dwell  upon 
them ;  they  all  evidently  arise  from  the  particular  con- 
vtfrgiiig   directions  which  the  fluid    particles  take  just 
befoire  entering  the  orifices. 

In  all  thecnretical  estimates  of  the  quantity  of  water 
disdiarged  from  a  given  orifice,  the  section  of  the  vena 
coDtracta,  or  about  ^^  of  the  actual  orifice,  must  be  con- 
sidered as  the  effective  orifice,  or  that  through  which  the 
discharge  really  takes  place. 

106.  Effects  of  Adjutages. — The  quantity  of  fluid  dis- 
diarged through  a  given  orifice  may  be  augmented  very 
mnch  by  the  application  of  a  short  pipe,  termed  an  ad- 
jutage. These  may  be  of  very  various  shapes;  suppose 
for  instance  a  cylindrical  one,  and  of  the  same  diameter 
u  the  orifice,  and  placed  vertically;  then  if  this  be  once 
full  of  the  fluid,  the  discharge  through  it  will  be  much 
greater  than  through  the  simple  orifice;  but  if  this  ad- 
jutage be  not  filled  with  the  fluid  before  the  discharge 
oommences,  the  stream  contracts  as  before,  and  passes 
dnoug^  it  without  ever  touching  the  sides ;  in  this  case 
dien  there  is  no  effect  produced  on  the  discharge.  But 
the  adjutage  which  produces  the  greatest  effect  on  the 
discharge  is  a  conical  one,  consisting  of  a  portion  of  two 
cones^  united  by  their  narrowest  ends  at  the  commencement 

p 
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of  the  vena  contracta.  The  one  attached  to  the  orifice  is 
exactly  the  size  of  the  issuing  stream,  as  far  as  the  com- 
mencement of  the  vena  contracta,  and  the  other  diverges^ 
hut  less  rapidly  than  the  preceding,  so  that  it  is  longer, 
having  the  extreme  section  equal  to  the  orifice.  An  ad- 
jutage of  this  kind  is  said  to  increase  the  discharge  from 
100  to  150.  The  effectiveness  of  these  adjutages  arises 
&om  the  lengthening  the  descending  column;  the  lower 
parts  descending  with  a  greater  velocity  than  the  upper, 
have  a  tendency  to  separate  from  them,  and  so  leave  a 
vacuum.  This,  however,  is  prevented,  partly  by  the  fluid 
being  forced  in  more  rapidly,  and  partly  by  the  pressure 
from  without  inwards  at  the  orifice. 

106.  Resistance  of  Fluids, — A  body  moved  rapidly 
through  a  fluid  experiences  a  resistance  whose  magnitude 
depends  on  the  density  of  the  fluid,  and  on  the  velocity  of 
the  motion.  When  a  body  moves  at  the  ordinary  rates 
through  a  thin  fluid,  like  air,  the  resistance  which  it  ex- 
periences is  scarcely  sensible ;  but  when  the  velocity  is 
great,  as  that  of  a  cannon  ball>  the  resistance  causes  con- 
siderable retardation.  Again^  when  a  body  moves  very 
slowly  through  water  the  resistance  is  very  small,  but 
when  the  rate  of  motion  increases,  as  when  a  boat  is  drawn 
at  two,  three,  or  four  miles  an  hour,  the  resistance  becomes 
very  great.  The  general  law  of  the  resistance  of  water  is, 
that  it  increases  as  the  square  of  the  velocity,  that  is,  the 
resistance  on  a  boat^  moving  at  the  rate  of  two  miles  an 
hour,  will  be  four  times  as  great  as  on  one  moving  at  the 
rate  of  one  mile ;  at  three  miles  an  hour  it  will  be  nine 
times  as  great,  and  so  on.  Some  surfaces  sustain  less 
resistance  than  others,  and  the  particular  form  of  the 
surface  of  least  resistance  is  a  difficult  and  much  disputed 
question.  But,  supposing  this  solved,  there  are  other  ele- 
ments of  equal,  if  not  greater  importance,  namely,  the 
shape  of  the  stem  and  its  distance  from  the  prow,  that  is, 
the  length  of  the  vessel,  and  the  shape  of  the  intermediate 
parts.     Our  mathematical   knowledge  is  not   at  present 
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competent  to  settle  these  questions,  and  practical  men 
entertain  very  various  and  opposite  opinions  on  many  of 
them. 

In  treating  of  resistances  to  hodies  moving  in  fluids^  care 
mast  he  taken  to  distinguish  the  cases  of  the  resistance  on  a 
body  wholly  immersed,  and  on  one^  as  a  boat^  only  par- 
tially immersed.  Again,  a  distinction  must  be  made  be- 
twixt vessels  moving  on  a  wide  expanse  of  water^  as  the 
sea,  or  a  river^  and  on  a  canal,  or  any  narrow  confined 
channel.  It  is  very  well  known  that  the  usual  law  of  resist- 
ances holds  on  canals  up  to  a  certain  velocity,  as  four  or  five 
miles  an  hour,  but  that  when  boats  are  moved  on  narrow 
canals  at  rates  of  nine,  twelve,  or  fourteen  miles  an  hour, 
the  law  of  the  resistance  seems  entirely  changed,  and  indeed 
almost  suspended.  The  fact  is  certain,  that  two  horses  drag 
with  ease,  on  the  Paisley  Canal,  a  passage  boat  with  her 
compleiment  of  seventy-five  or  ninety  passengers,  at  the 
rate  of  ten  mile^  an  hour,  whereas  it  would  kill  them,  or 
even  double  the  number  of  horses,  to  drag  the  same  boat 
along  the  same  canal  at  the  rate  of  six  miles  an  hour.  It 
would  be  much  ea^er  to  draw  the  boat  along  the  canal 
at  the  rate  of  fifteen  miles  than  at  the  lower  velocity 
of  six  miles  an  hour.  The  same  facts  have  been  proved 
and  exhibited  on  other  canals,  but  not  so  decidedly  as  on 
the  Paisley  Canal,  because  this  is  narrower  than  most 
others.  The  explanation  of  this  phenomenon  is  not  at  first 
sight  obvious ;  it  is,  however,  connected  with  the  motion 
of  th^  wave  which  the  boats  generate.  It  appears  from 
experiment,  and  theory  also  predicts  the  same  result,  that 
the  boat  rises  during  the  motion;  it  appears  also  that  the 
size  of  the  canal  and  of  the  boat  must  have  a  particular 
proportion  to  each  other.* 

The  resistance  of  the  air  to  an  extended  sur^e  is 

*  For  farther  information  on  this  most  interesting  subject  we  must 
refer  the  reader  to  Mr.  Macneill's  paper  in  the  first  volume  of  the  Trans- 
aetUnt  rftlte  Institution  of  Civil  Engineers, 
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illustrated  by  the  descent  from  great  heights  in  a  para- 
chute. This,  which  is  nothing  more  than  a  large  umbrella, 
is  so  resisted  by  the  air^  that  the  weight  of  the  attached 
individual  is  not  sufficient  to  produce  any  acceleration  of 
motion  after  the  first  few  instants;  the  whole  mass  de- 
scends with  a  uniform  steady  motion.  It  is  to  the  same 
resistance  that  birds  owe  their  flight ;  the  muscular  effort 
of  the  wings  produces  an  action  by  whicli  they  are  sus- 
tained and  impelled,  and  the  tail,  acting  as  a  rudder, 
guides  their  motions. 

107.  Applications  of  Fluid  motion, — The  effect  which  a 
fluid  in  motion  produces  on  a  solid  at  rest  is  similar  to  that 
which  would  be  produced  by  the  impact  of  any  solid  body ; 
motion  ensues,  or  the  solid  body  receives  a  shock  whose 
force  depends  on  the  momentum  of  the  fluid.  A  heavy 
wave,  dashing  against  the  side  of  a  vessel,  may  force  her  from 
her  moorings,  and  carry  every  obstacle  before  it.  A  wind, 
moving  at  the  rate  of  six  miles  an  hour  is  just  perceptible; 
but  at  the  rate  of  80  or  100  miles  it  is  a  frightful  hurri- 
cane, tearing  up  trees  and  houses.  The  violence  of  the 
hurricanes  in  tropical  climates  is  sometimes  such,  that 
every  dwelling  and  tree  is  levelled  with  the  ground,  and 
swept  along  the  surface  like  stubble;  yet  all  this  is 
owing  to  the  momentum  of  the  invisible  agent  of  whose 
existence,  in  a  state  of  rest,  we  are  scarcely  sensible.  We 
cannot  here  dwell  upon  the  advantage  which  is  taken  of  a 
stream  in  motion  to  turn  a  water-wheel ;  of  the  oblique 
action  of  the  wind  on  the  sails  of  a  ship,  or  of  a  wind- 
mill, and  of  the  numerous  other  ways  in  which  man  con- 
verts the  powers  already  existing  in  nature  to  his  own 
purposes  (Art.  25). 

The  effects  produced  when  the  momentum  of  a  solid  body 
is  suddenly  destroyed, have  been  already  (Art.  37)  described; 
the  sudden  destruction  of  the  velocity  of  a  fluid  is  attended 
with  precisely  the  same  results.  The  action  produced  is 
inversely  as  the  time  during  which  the  motion  is  being 
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Shopped.  3ut  the  dilSerent  circumstances  under  which 
solids  and  fluids  are^  with  reference  to  the  transmission  of 
an  action  or  pressure  exerted  at  any  point,  gives  rise  to 
some  important  considerati(»is.  The  action  which  it 
exerte4  on  the  sudden  destruction  of  momentum  in  a  fluid 
will  be  transmitted  throughout  the  whole  fluid  (Art.  68)  • 
Suppose  now  that  several  pipes  lead  from  a  reservoir  of 
water,  and  that  one  of  these  being  open,  the  water  flows 
through  it  witb  a  certain  velocity ;  let  this  water  be  sud- 
denly stopped ;  the  action  produced  by  the  sudden  destruc- 
tion of  this  mopoentum  will  be  impressed  throughout  all 
the  pipes  and  r^ervpjr^  on  every  portion  of  surface^  which 
is  equal  to  the  section  of  the  stream  which  was  stopped ;  if 
then  there  is  any  weak  place  in  any  part  of  the  system,  the 
pipe  will  burst  first  ajb  that  point.  Thus^  the  sudden 
stoppage  of  a  main  in  the  street  may  burst  all  the  pipes  for 
miles  round. 

This  principle  has  been  applied  most  beautifully  to  the 
raising  of  water  to  great  heights,  and  the  contrivance  by 
which  it  is  efiected  is  termed  the  Hydraulic  Ram.  The 
mechanical  parts  of  this  contrivance  are  such  as  to  allow  a 
small  descending  streaqa  of  water  to  acquire  a  certain 
velocilty;  it?  motion  is  suddenly  stopped;  the  action  thus 
produced  is  made  available  for  the  raising  of  water  to  a 
great  height.  The  motion  of  the  stream  having  been 
stopped  must  commence  again,  and  the  contrivances  by 
which  ^s  motion  may  be  stopped,  rendered  available^  and 
restored^  9xe  exceedingly  simple  and  ingenious.* 

108.  Motiofi  of  WaJter  in  Channels. — Nothing  is  more 
variable  than  the  velocity  with  which  water  passes  over 
the  beds  of  streams  and  rivers.  Every  change  in  the  in- 
clination of  the  bed^  every  bend  in  the  course  of  the 
channel,  friction,  and  numerous  other  causes,  interfere  with 
the  regular  motion^  dii^nish  the  velocity^  and  produce 

*  PritteipUt  of  Hydro$tatic8,  Chap.  x. 
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currents  and  eddies,  of  which  no  account  can  he  given, 
without  a  most  accurate  acquaintance  with  all  the  local 
circumstances.  Artificial  water-courses  which  have  a 
regular  inclination,  a  straight  direction,  and  uniform  di- 
mensions, may  be  treated  with  considerable  accuracy,  anii 
the  laws  are  very  general  and  simple.  On  these,  however, 
we  cannot  dwell.  The  velocity  of  a  stream  is  more  rapid 
at  the  surface,  and  decreases  as  we  descend,  so  that  the 
water  must  be  considered  as  consisting  of  different  strata, 
moving  with  different  velocities.  Again,  the  water  at  the 
sides  cannot  have  the  same  velocity  as  the  water  in  the 
middle,  for  the  friction  against  the  banks,  and  the  mechanical 
obstacles  which  the  inequalities  and  bendings  oppose  to  the 
motion  of  the  stream,  must  frequently  almost  entirely  de- 
stroy the  motion  near  the' sides.  Hence  we  see  the  reason 
of  the  rapidity  of  the  middle  of  the  stream,  and  of  the 
apparent  tranquillity  of  the  water  at  the  sides.  The  same 
causes  operate  in  water  pipes,  the  motion  is  retarded  at 
every  instant  by  the  friction,  and  by  every  bend  and  in- 
equality in  the  pipe ;  the  surfaces  are  here,  however,  so 
regular,  that  the  retardation  due  to  these  causes  may  he 
calculated,  and  engineers  can  determine  with  great  ac- 
curacy the  quantity  of  water  which  will  be  supplied  in  a 
given  time  by  a  particular  series  of  pipes.  When  a  river 
bends  in  a  considerable  degree,  the  velocity  is  generally 
observed  to  be  greater  at  its  concave  than  at  its  convex 
side ;  this  is  probably  owing  to  the  accumulation  of  water  at 
that  point  from  the  centrifugal  force  of  the  particles. 

Not  only  have  the  strata  of  the  water  near  the  surface 
different  velocities  from  those  near  the  bottom ;  they  may 
have  also  different  directions ;  the  water  at  the  surface  may 
be  moving  in  one  direction,  and  at  the  bottom  in  exactly 
the  opposite.  Of  this  we  have  some  remarkable  examples 
in  rivers  which  communicate  with  the  sea,  and  whose 
water  is  salt  or  fresh,  at  some  points,  according  to  the 
state  of  the  tide.     In  these  cases  there  appears,  when  the 
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tide  is  running  in  from  the  sea,  to  be  for  many  miles  an 
undercurrent  of  salt  water  running  upwards,  while  the 
upper  current  of  fresh  water  is  running  downwards.    This 
has  been  observed  and  carefully  examined  at  the  mouth  of 
the  Dee  in  Scotland,  and  in  the  Thames  between  London 
and  Woolwich.     The  saltness  of  the  lower  strata  is  said  to 
be  generally  sensible  near  Woolwich ;  thus,  from  Woolwich 
downwards,  the  Thames,  instead  of  flowing  over  its  own 
muddy  bottom,  is  flowing  over  a  stream  of  salt   water. 
There  will  be  an  intermediate  strata  in  which  the  fresh 
and  salt  water  are  intermixed^  which  may  be  absolutely 
at  rest ;  and  the  depth  of  this,  as  well  as  the  degree  of 
mixture,  will  evidently   depend  on  local  circumstances. 
This  singular  phenomenon  is  the  consequence  of  the  dif- 
ferent specific  gravities  of  the  fluids ;  the  fresh  water  floats 
on  the  salt  water  like  oil  upon  water,  or  warm  water  upon 
cold.      There   is  another  consequence   worth   remarking 
which  follows  from  these  statements,  namely,  that  the 
fresh  water  must  be  elevated  in  a  mass  by  the  under  stream 
of  salt  water  at  every  rise  of  the  tide.     We  may  here 
remark    the   provision    which    is   thus    supplied    for    a 
thorough  interchange  of  water ;  the  unwholesome  water  of 
a  city  thus  continues  to  flow  away  long  aftei:  the  under 
current  has  begun  to  ascend.     Were  this  otherwise  much 
unwholesome  water  would  be  returned  by  the  ascending 
stream^  which  is  now  carried  ofi"  at  once  to  the  ocean.     An 
illustration  of  the  preceding  remarks  is  aflbrded  by  the 
freshness  of  the  salt  water  at  the  surface  of  the  ocean  for 
many  miles  in  the  region  of  the  mouths  of  large  rivers. 
The  fresh  water  spreads  itself  as  -a  thin  film  over  an  im- 
mense extent  of  surface,  and  is  finally  mixed  with  the  sal^ 
water,  or  raised  by  evaporation,  to  be  again  dissipated  over 
the  earth. 

109.  Waves, — Closely  connected  with  the  subject  of  the 
preceding  articles  is  that  of  the  generation  and  motion  of 
Waves,  or  of  the  propagation  of  an  undulation  through 
a  mass  of  fluid ;  and  the  motion  of  the  water  which  is  the 
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coDiequence  of  this,  as  exhibited  in  the  tides  at  different 
places.  We  shall  endeavour  briefly  to  point  out  the  laws 
which  appear  to  obtain  in  these  phenomena. 

A  wave,  as  it  is  generally  observed,  is  an  elevated  por- 
tion of  water  travelling  successively  along  the  general 
surface.  Thus,  if  but  a  single  wave  is  propagated  through 
the  fluid,  the  whole  surface  is  successively,  in  order  of 
time,  in  a  similar  state  of  elevation  or  depression;  and 
when,  as  is  generally  the  dase,  there  are  an  infinite  num- 
ber of  waves,  the  whole  surface  is  undulated^  that  is, 
covered  with  elevations  and  depressions. 

A  very  common  misconception  prevails  respecting  the 
motion  of  waves.     The  wave  is  seen  to  advance  towards 
the  shore,  and  the  water  appears  to  be  moving  in  the  same 
direction.     This  is  not  however  the  case;  the  only  neces- 
sary motion  of  the  water  is  in  the  vertical  direction ;  the 
water  may   be  perfectly  at  rest,  excepting  this  vertical 
ascent  or  descent,  or  it  may  be  moving  in  any  direction 
coincident  with,  or  opposed  to,  the  direction  in  which  the 
wave  is  moving,  without  at  all  aflecting  the  motion  of  the 
wave.   That  this  is  really  the  case ;  and  that  there  is  gene^ 
rally  no  sensible  motion  of  the  water  in  the  horizontal 
direction,  or  that  in  which  the  wave  is  advancing,  will 
be  at  once  apparent  from  the   following  considerations. 
A  ship  rides  over  thousands  of  waves  in  a  single  day,  and 
may  remain  in  the  same  place,  or  float  gently  onward  with 
the  wind  or  current ;  a  chip  of  wood,  or  any  light  sub- 
stance will  lie  for  hours  at  a  short  distance  from  shore 
while  the  waves  ar.e  rolling  in  incessantly.      Thus  the 
motion  of  the  wave  has  no  tendency  to  impress  any  motion 
of  translation  on  a  body  floating  at  the  surface  of  the 
water;  and  consequently  the  water  itself  has  no  motion  in 
the  direction  in  which  the  wave  is  going.     The  water  Im 
only  a  vertical  motion ;  it  rises  and  sinks  alternately.     The 
wave  is  an  advancing  form ;  and  the  surface  of  the  waiet 
taking  these  forms  in  succession^  appears  to  the  eye  to 
move  in  a  particular  direction.     A  proper  conception  (^ 
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what  is  meant  by  the  motion  and  velocity  of  a  wave  is  of 
the  greatest  importance,  and  we  shall  endeavour  to  illus* 
trate  it  by  a  simple  case  of  the  waves  which  every  one 
must  have  repeatedly  observed.    If  a  stone,  or  any  small 
body,  be  dropped  into  still  water  of  sufficient  depth,  the 
surface  will  be  disturbed,  and  there  is  an  elevated  ridge  or 
wave,  then  a  second,  and  a  third,  and  so  on;  and  a  wave 
travels  successively  throughout  the  whole  surface  of  the 
fluid.     If  two  or  more  bodies  be  dropped  in  at  the  same 
instant  each  becomes  the  centre  of  undulations,  which  are 
equally  concentric,  and  which  will  meet  and  cross  each 
other  without  any  change  of  direction,  or  without  inter- 
fering with  each  other's  progress.     The  waves  are  pro- 
pagated onwards,  the  elevation  of  each  being  less  than 
of  the  preceding  one,  until,  if  the  surface  be  of  sufficient 
extent,  they    finally  cease    to   be    visible.     As  any  por- 
tion of  a  wave  meets   an  obstacle,  opposing  its  farther 
advance,    the  point  of  contact  becomes  a  fresh   centre, 
whence  semicircular  waves,  or  a  new  series  of  undulations, 
are  propagated  as  before.     These  reflected  waves  cross  the 
waves  moving  in  the  opposite  direction  just  as  the  waves 
which  occur  on  dropping  two  or  more  stones  near  each 
other  into  the  water.     The  rate  at  which  these  elevated 
concentric  ridges,  or  disturbances,  pass  across  the  surface  of 
the  water  is  called  the  velocity  of  the  Wave.     Thus,  if  the 
edge  of  the  water  be  ten  feet  from  the  point  at  which  the 
stone  is  dropped  in,  and  a  wave  strikes  this  edge,  two 
seconds  after  the  stone  was  dropped  in,  the  velocity  of 
that  wave  is  five  feet  per  second. 

The  action  of  the  wind  upon  the  surface  of  the  water 
is  the  principal  cause  of  the  waves  which  exist,  and  the 
height  of  the  wave  depends  in  a  great  measure  on  the 
depth  of  the  water  in  which  it  is  produced.  In  a  sheet 
of  water  of  two  or  three  hundred  feet  across,  and  only 
three  or  four  feet  deep,  the  waves  will  rarely  have  a 
greater  height  than  two  or  three  inches ;  whereas,  if  the 
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same  water  had  a  depth  of  twenty  or  thirty  feet,  the  waves 
might  he  raised  one  or  two  feet.  The  waves  of  the  Medi- 
terranean are  much  less  hoth  in  height  and  breadth  than 
the  waves  of  the  ocean.  This  will  be  partially  owing  to 
the  small  extent  of  the  former,  as  compared  with  the 
latter,  but  it  is  principally  owing  to  the  difference  of 
depth.  The  waves  of  the  ocean  frequently  acquire  a  mag- 
nitude sufficient  to  hide  from  each  other's  view  two  vessels 
of  the  largest  size  when  only  at  a  small  distance  apart. 
When  the  theory  of  this  subject  is  brought  to  a  greater 
degree  of  perfection  than  it  at  present  possesses  we  shall 
probably  be  able  to  sound  the  depths  of  the  Atlantic  by 
means  of  the  observed  height  of  ks  waves. 

The  velocity  of  the  wave,  or  the  rate  at  which  this  ad- 
vaBcing  form  travels,  is  a  most  interesting  inquiry,  and  one 
on  which  we  must  make  a  few  observations.     Both  theory 
and  observation  seem  to  shew  that  the  velocity  of  the  wave 
depends  both  on  its  elevation  and  on  its  form.     So  that  the 
same  wave  will  travel  at  different  rates  at  different  parts  of 
Its  course.     It  is  this  change  of  form,  as  connected  with 
the  consequent  variation  in  the  velocity  of  propagation, 
which  introduces  some  of  the  greatest  difficulties  into  this 
subject.      The  important  practical  question  is  respecting 
the  rate  at  which  the  /ic/«-wave  travels.     The  tides  in  our 
seas  are  derivate  tides ;  that  is,  tides 'derived  from  the  great 
elevation  and  depression  which  takes  place  twice  every  day 
in  the  equatorial  regions  of  the  vast  Atlantic.     This  eleva- 
tion causes  our  tides.     Now,  from  the  researches  of  Mr. 
Whewell,*  it  appears  probable  that  the  tide<>wave  travels 
at  the  rate  of  700  miles  an  hour  in  the  Atlantic  Ocean. 
The  wave  travels  from  the  south  point  of  Ireland  to  the 
north  point  of  Scotland,  at  the  rate  of  about  180  miles  an 
hour.     The  rate  on  the  eastern  coast  of  England  is  much 
less ;  from  Buchanness  to  Sunderland  at  about  60  miles  an 

*  Philosophical  TrafuactUmi,  1833. 
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hour,  from  Scarborough  to  Cromer  at  about  35  miles  an 
hour ;  from  the  North  Foreland  to  London  at  about  30 
miles,  and  from  London  to  Richmond  at  about  13  miles. 
The  effect  of  a  constrained  channel  and  a  diminished  depth 
is  shewn  very  remarkably  by  the  observations  in  the 
Thames. 

The  results  recorded  in  the  memoir  just  quoted  shew 
most  clearly  that  the  velocity  of  the  wave  diminishes  as  we 
ascend  the  river.  The  importance  of  the  subject  of  the 
tides  to  us,  as  a  naval  power  and  a  commercial  nation, 
ought  to  have  procured  for  it  a  much  greater  share  of  atten-* 
tion  than  they  have  met  with.  Within  the  last  few  years 
Messrs.  WheweU  and  Lubbock  have  succeeded  in  draw- 
ing the  attention  of  the  world  to  this  inquiry,  and  as 
many  individuals  may  have  the  opportunity  and  inclina- 
ticm  to  assist  in  this  department,  we  shall  close  this  sub-* 
ject  with  the  directions  which  are  given  by  Mr.  Whewell 
for  the  investigation  of  the  laws  of  these  most  interesting 
and  important  phenomena. 

110.  Tide  Observations, — These  observations  may  be 
either  continued  observations  at  the  same  place,  or  com- 
parative observations  at  different  places. 

I.  The  use  of  continued  observations  of  Tides  at  the  same 
place  is  to  determine  the  dependence  of  the  time,  height, 
and  other  circumstances,  of  high  and  low  water  upon  the 
places  and  distances  of  the  sun  and  moon.  Particular  tides 
are  affected  by  considerable  anomalies  and  uncertainties, 
bat  in  the  averages  of  a  long  series  of  observations,  general 
rules,  consistent  with  theory,  prevail  with  great  constancy. 
The  object  of  observation  should  be  to  verify  these  rules 
and  to  determine  the  constant  quantities  which  enter  into 
them.     For  this  purpose  we  have  to  attend  to 

l^.  The  establishment  of  the  place.  The  interval  at 
which  high  water  follows  the  moon's  meridian  passage  or 
transit  at  a  given  place  varies  from  day  to  day  (being 
affected  by  the  Semimenstrual  Inequality).  The  vulgar 
establishment  is  the  duration  of  this  interval  on  the  dav  of 
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new  or  full  moon.      The  corrected  establishment   is  the 
mean  duration  of  this  interval. 

2**.  The  law  of  semimenstrual  inequality.  In  the  mean 
state  of  the  parallaxes  and  declinations  of  the  sun  and 
moon,  the  interval  at  which  high  water  follows  the  moon's 
meridian  passage  or  transit  is  affected  hy  an  inequality  de- 
pending on  the  Moon's  distance  from  the  sun,  and  going 
through  all  its  changes  in  half  a  lunation ;  this  is  the  semi- 
menstrual  inequality.  This  inequality  is,  theoretically,, 
the  same  at  all  places ;  and  therefore  in  simple  tides,  at 
every  place,  the  law  and  amount  of  the  inequality  of  the 
interval  of  tide  and  moon's  transit  during  a  half  lunation  is 
the  same.  It  is  desirable  to  verify  this  rule ;  and  if  ex- 
ceptions occur,  to  examine  the  circumstances  of  them. 

3*.  The  age  of  the  tide.  The  circumstances  of  each 
tide  do  not  correspond  to  the  places  of  the  sun  and  moon 
at  the  time  of  that  tide,  but  at  a  time  one,  two,  or  three 
days  earlier ;  this  distance  of  time  is  called  the  age  of  t/*e 
tide.  Two  such  circumstances  may  be  especially  noted : 
the  spring  tide,  or  highest  high  water,  is  not  on  the  half- 
day  of  new  or  full  moon,  but  at  a  certain  tide  on  some 
later  half-day :  also,  the  interval  of  tide  and  moon's  transit 
has  not  its  mean  value  on  the  half-day  of  new  or  full  moon, 
but  for  a  certain  tide  at  some  later  half- day.  The  distance 
of  time  from  the  new  or  full  moon  to  the  time  when  the 
interval  of  tide  and  moon's  transit  has  its  mean  value,  is 
the  age  of  the  tide, 

4°.  The  diurnal  difference  of  the  tides.  It  appears  from 
theory,  that  in  simple  tides  there  should  be  a  difference  in 
the  height  of  the  two  high  waters  on  the  same  day :  in 
such  cases,  during  one  part  of  the  year  the  morning  tide, 
during  another  part  the  evening  tide  is  the  higher.  It  is 
desirable  to  verify  this  diurnal  difference,  and  to  deter- 
mine its  amount  at  particular  places. 

5**.  The  peculiarities  of  tides  at  particular  places.  At 
many  places  the  tides  are  compounded  of  two  simple  tides 
which  arrive  by  different  paths ;  this  composition  may  give 


SKCT.  V.  TIDE   OBSERVATIONS.  169 

rise  to  new  circumstances.  For  instance,  the  diurnal 
difference  may  be  obliterated ;  or  it  may  be  accumulated 
so  as  to  produce  only  one  tide  in  twenty-four  hours. 

6**.  The  effect  of  the  changes  of  parallax  and  declination 
of  the  sun  and  moon.  Tnese  changes  may  affect  both  the 
height  and  the  time  of  high  water.  Their  effect  can  only 
be  detected  by  a  considerable  series  of  good  observations, 
carefully  discussed. 

Continued  observations  at  the  same  place  should  give 
the  time    (in   hours  and  minutes,   by   a    well-regulated 
watch)  of  high  water,  and  the  height  of  high  and  low 
water  every  day,  or,  if  it  may  be,  every  tide.    The  height 
of  the  water  ought  to  be  observed  with  regard  to  tixed 
marks,  and  measured  on  a  vertical  scale,  in  a  place  as  free 
from  waves  as  is  possible.     The  uncertainty  occasioned  by 
waves  may  be  avoided  by  fixing  in  the  water  an  upright 
tube  (of  wood  or  tin,  for  instance) ,  the  bottom  or  sides  of 
the  tube  being  perforated,  so  that  a  float  carrying  an  up- 
right measuring  rod,  may  rise  and  fall  in  the  tube  with 
the  rise  and  fall  of  the  tide.     By  means  of  an  index  fixed 
to  the  tube,  it  may  be  seen  when  the  measuring  rod  is  at 
the  highest  and  lowest,  and  the  heights  may  be  measured. 
In  this  way  the  time  and  height  of  high  and  low  water 
may  be  observed.     The  measuring  rod  may  be   so  con- 
stracted  that  it  shall  leave  a  moveable  index  at  the  highest 
and  lowest  points.      It  may  also  be  so  constructed  that 
it  shall  record  the  height  of  the  water  at  any  time  upon 
the  surface  (and  along  the  length)  of  a  cylinder,  which 
is  made   to   turn  uniformly   on  its   axis   by  clock-work : 
and  by  such  an  apparatus  we  may  learn  the  height  of 
the  ride  at  any  time,  and  at  what  time  the  tide  has  been 
highest.* 

The  time  of  high  water  (according  to  mean  time^  reckoned 

•  Machines  of  this  kind  are  particularly  described  in  the  Philosophical 
Transactions,  1831,  and  in  the  Nautical  Magazine,  for  October,  1832. 

Q 
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by  a  good  watch  regulated  for  the  place)  is  to  be  compared 
with  the  time  of  the  preceding  transit  of  the  moon,  whether 
above  or  below  the  horizon.  The  time  of  the  moon's  south 
or  tipper  transit  for  Greenwich  is  given  in  the  Nautical 
and  other  Almanacks  ;  the  time  of  the  north  or  lower 
transit  may  be  found  by  taking  the  mean  of  the  preceding 
and  succeeding  southing.  The  time  of  the  transit  at  other 
places  may  be  obtained  with  sufficient  accuracy  by  adding 
2"  to  the  time  of  transit  for  every  one  hour  of  west  longi- 
tude>  or  by  deducting  this  for  east  longitude.  The  inter- 
vals of  the  time  between  high  water  and  the  next  preced- 
ing transit  of  the  moon  are  the  establishment  of  the  place, 
affected  by  the  semimenstrual  inequality. 

II.  The   use  of  comparative  observations   of  tides  at 
different  places  is  to  determine  the  form  and  progress  of 
the  tide-wave,  or  elevation  of  the  waters,  which,  by  its 
arrival  at  each  place,  brings  high  water  to  that  place.     If  a 
line  be    drawn  at    any  time  through   all  the   points   of 
the  ocean  at  which  it  is  high  water  at  that  time,  this  is 
called  a  cotidal  line.     And  if,  on  the  day  of  new  or  full 
moon,  we  draw  such  lines  corresponding  to  each  hour,  we 
make  a  map  of  cotidal  lines.     Such  a  map  exhibits  the 
progress  of  the  iide-wave,  and  in  order  to  draw  cotidal  lines, 
it  is  necessary  to  know  the  absolute  or  comparative  establish- 
ments of  the  places  through  which  the  lines  are  to  be  drawn. 
The  establishment  of  any  place  may  be  determined  from 
observations  of  the  absolute  time  of  high  water,  according 
to  the  preceding  rules.     A  few  observations  will  give  a 
determination,  which  will  be  of  greater  accuracy  according 
to  the  number  of  observations.     If  the  observations  be  not 
made  on  the  day  of  new  or  full  moon^  they  must  be  cor- 
rected for  the  difference  of  the  semimenstrual  inequality 
on  the  day  of  new  or  full  moon  and  on  the  day  of  ob- 
servation.    But  the  arrangement  of  the  cotidal  lines  may 
often  be  better  discovered  by  comparative  observations  of 
neighbouring  places  than  by  independent  determinations  of 
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the  establishments  at  the  separate  places.  If  the  tide  jn  the 
same  half  day  be  observed  &t  several  such  places,  and  the 
observations  compared,  it  will  be  seen  by  how  much  each 
succeeding  place  has  its  tide  later  than  preceding  places; 
and  the  motion  of  the  tide- wave  will  be  thus  known. 
And  these  difi^rences  of  times  will  be  much  less  affected 
by  accidental  causes  and  by  errors  of  observation  than  the 
abscdate  times.  In  surveying  any  coast  it  would  be  de- 
sirable to  station  a  tide-observer  at  some  convenient  place, 
in  order  to  obtain  the  corrected  establishment,  the  law  of 
the  semimenstrual  inequality,  the  age  of  the  tide,  the 
diurnal  inequality  of  height^  and  any  other  peculiar  cir- 
cumstances. And  it  would  be  desirable  also  to  make 
numerous  observations  of  the  tides  at  other  points  of  the 
coasts  and  to  compare  each  of  these  with  the  corresponding 
tide  as  recorded  by  the  stationary  observer.  A  small 
number  of  sets  of  observations  so  made  would  give  us 
much  more  exact  knowledge  concerning  the  motion  of  the 
tide-wave  than  we  at  present  possess.  They  would  also 
enablie  us  to  determine  whether  the  motion  of  the  tide- 
wave  is  different  at  different  periods  of  a  lunation ;  and,  if 
so^  how  it  differs. 

The  motion  of  the  tide- wave  must  be  carefully  dis- 
tinguished from  the  tide^curretits  or  stream  of  tide.  The 
velocity  and  direction  of  the  tide-wave  have  no  necessary 
connexion  with  the  velocity  and  direction  of  the  stream 
of  flood.  The  transfer  of  the  tide-wave  (and  of  any 
wave)  is  the  transfer  of  the  /orm  which  bounds  the  fluid 
from  one  position  to  another,  and  may  take  place  by  a 
number  of  different  modes  of  flowing  of  the  Jluid  itself. 
It  does  not  imply  that  the  fluid  moves  in  the  direction  in 
which  the  wave  moves.  Perhaps  the  reader  may  be 
assisted  in  his  conception  of  this  by  observing  that  when 
a  long  pendant  is  flying  at  a  mast-head,  we  see  curves  like 
waves  running  along  from  the  fast  to  the  loose  end  of  the 
pendant,  though  there  can  be  no  motion  of  the  cloth  itself 
in  that  direction.      In   many  situations  the  rising  and 
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falling  of  the  tide  is  a^qoi^paBied,  by  a  stream  running 
aiiemaieJi/  in  ppposite  directions.  In  these  cases  it  will 
not  happen  in  general  tl^t  the  stream  will  run  in  one 
direction  while  the  water  is  rising,  and  in  the  opposite 
direction  while  the  water  is  falling.  The  time  of  high 
water  will  not  generally  coincide  with  the  time  of  slack 
water.  In  bays)  and  near  the  shore^  the  time  of  high 
water  will  generally  coincide  with  the  time  of  slack 
water.  But  in  a  channel  open  at  both  ends  the.  time  of 
slack  water  is  generally  after  the  time  of  high  water. 
The  stream  of  flood  continues  running  for  one,  two,  or 
three  hours  after  high  water,  and  then  turns ;  and  the 
stream  of  ebb  runs  for  one,  two,  or  three  hours  after  low 
water. 

In  other  cases,  for  instance  where  different  channels 
branch  off  from  each  other,  or  meet  together,  the  changes 
of  the  direction  of  the  stream  which  accompany  the  rising 
and  falling  of  the  tide  are  not  alternate  3  but  we  have 
revolving  tide-streams.  The  stream,  in  the  course  of 
twelve  hours,  shifts  round  to  various  points  of  the  compass: 
the  change  of  its  direction  in  some  places  going  round 
E.  S.W.N.,  and  in  others  E.N.W.S.  It  changes  also 
its  velocity  along  with  its  directions.  It  is  desirable  in  all 
cases  to  observe  the  changes  of  stream  which  accompany 
the  rise  and  fall  of  the  tide.  In  tide  observations  it 
will  therefore  be  proper  to  note,  whether  there  is  an 
alternate  current  (a  stream  of  flood  and  of  ebb) :  and  if 
so,  at  what  hour  (with  respect  to  the  time  of  high  and 
low  water)  the  slack  water,  after  the  stream  of  flood  and 
after  the  stream  of  ebb,  respectively  occur.  In  cases  of 
a  revolving  stream  of  tide,  the  times  and  directions  of 
the  changes  may  be  observed  and  recorded  either  by 
stating  them  in  the  usual  manner,  or  by  some  appropriate 
notation.  Such  changes  are  now  marked  in  the  English 
and  in  the  Dutch  charts. 

In  giving  an  account  of  Tide  Observations  the  observer 
ought    to    state   the   manner  in   which   the  height  was 
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measured,  and  the  line  from  which  it  i;tras  measured;  so 
that  this  line  may  be  found  again  at  a  future  time:  the 
manner  in  which  the  moment  of  hi^  water  was  fixed 
upon:  the  time  employed,  whether  apparent,  or  mean 
solar  time,  and  in  what  manner  obtained :  and  any  other 
peculiarities  in  the  mode  of  observing. 


^2 
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CHAP.  VII. 


ON    CAPILLAKY    FHXNOMXNA. 


111.  In  all  that  has  hitherto  been  said  respecting  the 
general  equilibrium  of  liquids^  the  only  force  which  has  been 
considered  is  gravity.  But  the  attraction  which  the  par- 
ticles of  the  solid  exerts  on  those  of  the  fluid,  and  which 
the  fluid  exerts  on  its  own  particles,  all  of  which  may  be 
included  under  the  term  molecular  forces,  introduce  modifi- 
cations^ which  must  now  be  briefly  considered.  It  will  be 
impossible  to  trace  here  the  profound  anal3rsis  by  which 
Laplace  has  submitted  the  whole  subject  to  rigorous  calcu- 
lation^ but  we  shall  endeavour  to  indicate  the  most  import- 
ant phenomena,  and  the  principles  of  the  theory  which 
explains  them. 

If  the  lower  end  of  a  glass  tube  of  small  diameter  be 
dipped  into  any  liquid,  the  surface  of  the  liquid  which 
enters  the  tube  will  not  coincide  with  the  exterior  level  of 
the  liquid.  In  some  liquids,  as  in  water,  the  column  is 
elevated,  or  stands  above  the  exterior  fluid ;  in  others,  as  is 
generally  the  case  with  mercury,  the  column  is  depressed, 
or  sinks  below  the  exterior  surface.  These  phenomena 
were  first  observed  in  tubes  whose  internal  diameters  were 
so  small,  that  they  might  be  compared  with  the  diameter  of 
a  hair;  they  occur,  however,  more  or  less,  in  every  tube; 
and  similar  phenomena  present  themselves  whenever  water 
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is  in  contact  with  a  solid;  and  the  comhined  actions  from 
which  these  phenomena  of  capillary  spaces  arise  are  ex- 
pressed hy  the  term  capillarity, 

112.  Form  of  Surf  ace, — Whenever  there  is  an  eleva- 
tion or  a  depression  of  a  liquid  in  a  straight  tuhe,  the  sur- 
face of  the  liquid  column  assumes  and  preserves  a  determi- 
nate form.     When  the  column  is  elevated,  the 

surface  is  nearly  a  hollow  hemisphere^  whose 
diameter  is  the  same  as  the  diameter  of  the 
tuhe.  This  which  is  represented  hy  ahc  is 
called  a  ccmcave  meniscus. 

Again,  when  the  column  is  depressed^  its  sur- 
face is  always  a  full  hemisphere^  so  that  any 
section,  as  d  ef  is  a  cfmoex  meniscus. 

These  particular  forms  of  the  sur&ce  are 
essential  conditions  of  the  elevation  or  depre&* 
sion.  F<n:  if  the  interior  surface  of  the  tuhe 
be  smeared  with  any  unctuous  suhstance,  the  water  will 
not  only  not  he  elevated,  hut  it  will  be  depressed^  and  the 
surface  of  the  depressed  column  wiU  be  a  convex  meniscus^ 
just  as  a  column  of  mercury  in  an  ordinary  tube.  It  will 
follow  from  this,  that  the  difference  of  height  depends  on 
the  form  of  the  meniscus,  and  consequently  whatever  pre- 
vents the  latter  from  taking  the  form  which  it  ought  to 
have,  will  prevent  the  liquid  from  standing  at  its  proper 
height. 

113.  Heights  of  the  Coiumns^^-^A  very  simple  law,  made 
oat  by  experiments  with  ca{»llary  tubes,  is,  that  the  heights 
of  the  columns,  raised  or  depressed,  are  in  the  inverse  ratio 
of  the  diameter  of  the  tubes.  This  will  be  seen  at  once  by 
immersing  any  number  of  tubes  of  different  diameters  in 
the  same  liquid.  The  column  elevated  will  be  longest, 
and  the  depression  of  the  column  will  be  greatest,  in  the 
tube  of  soAllest  diameter. 

It  appears  also  that  the  effects  are  entirely  independent 
of  the  thickness  of  the  tube ;  that  the  internal  diameter 
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being  unchanged^  any  increase  or  diminution  in  their  ex- 
ternal diameters  will  not  produce  any  effect  on  the  position 
of  the  top  of  the  column.  These  important  fundamental 
facts  were  clearly  established  by  the  experiments  of  Boyle 
and  Hawksbee.  The  nature  of  the  materials  of  the  tube 
also  appears  to  have  no  further  influence,  than  so  far  as  it 
determines  whether  the  liquid  can  or  cannot  wet  the  tube; 
thus  a  tube  of  iron  or  the  stalk  of  a  vegetable,  provided 
their  inner  surfaces  are  wetted  with  equal  facility,  will 
represent  the  same  phenomena. 

All  experiments  seem  to  shew  that  the  height  of  the  sus- 
tained column  is  inversely  proportional  to  the  diameter  of 
the  tube :  and  the  curved  form  which  water  takes  between 
two  glass  plates,  placed  together  by  their  edges,  appears, 
on  varying  the  inclination  of  the  plates,  to  follow  the  same 
law  of  the  distance. 

The  preceding  phenomena  shew  distinctly  that  solids 
and  liquids  cannot  touch  each  other  without  the  surface  of 
the  liquid  experiencing  near  the  point  of  contact  some 
change  of  form ;  and  the  change  of  form,  or  the  curvature 
which  takes  place,  depends  on  the  nature  of  the  substances, 
as  will  be  seen  in  the  following  articles. 

114.  Attractions  and  Repul- 
sums. — A  single  thin  strip  of 
metal  suspended  in  a  liquid  does 
not  experience  ^ny  motion  of 
translation,  whether  it  be  wet- 
ted, as  at  a,  or  whether  it  be  not 
wetted,  as  at  6,  for  in  these  cases 

the  forces  are  equal  on  both  sides     

of  the  metal.     Two  similar  pieces 

of   metal  immersed   near    each 

other  do  not  experience  any  motion  provided  they  are  so 

far  from  each  other  that  the  curvatures  of  the  elevated  or 

depressed  liquid  are  separated  by  a  rectilinear  space  cd; 

but  if  the  bodies  are  so  near  that  the  curvatures  cross 

each  other,  there  is  a  sensible  attraction,  and  the  bodies 
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s^pproach  each  other.     This  attraction  takes  place  equalljy 

whether  the  bodies  are  wetted,  or  whether  they  are  not, 

as  when  two  pieces  of  glass  are  suspended  in  water  and  in 

mercury.     But  if  one  body  is  wetted  and  the  other  is  notj 

the  action  is  repulsive,  and  they  recede  from  each  other. 

Thus,  if  a  strip  of  ivory  which  is  readily  wetted  by  water, 

and  a  strip  of  talc  which  cannot  be 

wetted,  be  suspended  sufficiently  near 

each  other  in  water,  the  curvatures  of 

the  surface  caused  by  the  two  sub-* 

stances  a  and  b  will  cross  each  other, 

so  that  the  surface  will  take  a  form  as 

represented  in  the  figure;   and    in 

this  case  the  two  substances  will  re-         a1  ^ 

cede  from 'each  other,  or  appear  to  be 

repelled. 

Similarly,  two  balls  of  cork  or  wood,  floating  on  water, 
or  two  balls  of  pewter  floating  in  mercury,  approach  each 
other,  when  they  are  at  a  capillary  distance,  that  is,  at  a 
distance  so  near  that  the  curvatures  can  interfere.     Thus, 


at  the  distances  ab,  or  b  c,  they  are  without  any  action, 
but  at  the  distance  c  d  they  attract  each  other.  Two 
balls  which  do  not  wet  with  the  liquid,  as  two  balls  of 
wax  or  smoked  cork,  floating  on  water,  or  two  balls  of 
iron  in  mercury,  exert  an  attraction  under  the  same  cir- 
cumstances. In  general,  all  floating  bodies  experience  from 
the  same  cause  motions  more  or  less  rapid,  when  they 
approach  each  other,  or  when  they  approach  the  sides  of 
the  vessel  at  which  the  liquid  is  curved,  whether  by  eleva- 
tion or  depression.  In  a  vessel  of  water,  for  example, 
which  is  not  full,  all  small  bodies  which  are  wetted  ap- 
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proach  the  sides,  and  those  which  are  not  wetted  recede 
from  them.  The  exact  contrary  takes  place  in  a  vewsel 
which  is  quite  full.  The  motion  which  takes  place  under 
these  circumstances  cannot  he  referred  to  the  direct  attrac- 
tion of  matter,  but  evidently  depends  on  the  curvatures  of 
the  surface ;  for  the  same  substances  which  approach  and 
recede  from  each  other  when  floating  on  water,  present  no 
similar  phenomena  when  wholly  immersed  in  the  fluid. 

It  is  very  well  known  that  insects  can  walk  on  the  sur- 
face of  water.  Their  covering  cannot  be  wetted ;  hence, 
a  depression  takes  place  in  conformity  with  the  preceding 
principles.  Thus  the  quantity  of  water  displaced  becom- 
ing equal  to  the  weight  of  their  bodies,  they  are  sustained 
in  conformity  with  the  well-known  principles  of  Hy- 
drostatics. 

The  experiment  of  making  a  needle,  which  is  of  iron  or 
steel,  float  on  the  surface  of  a  lighter  medium,  as  water,  is 
to  be  referred  to  the  same  principles.  The  surface  of  the 
metal,  owing  to  its  polish,  or  greasiness,  cannot  be  wetted; 
hence,  more  fluid  being  displaced  than  is  equal  to  the 
weight  of  the  needle,  it  swims.  Having  once  been  wetted, 
however,  it  cannot  rest  on  the  surface. 

115.  Forces  of  Capillarity. — ^A  solid  plate  placed  in 
contact  with  a  liquid  cannot  be  raised  up  as  if  it  were  in 
free  air,  but  will  require  a  greater  force  than  that  required 
merely  to  sustain  the  plate.  This  may  be  readily  mea- 
sured by  balancing  a  plate  of  metal  on  a  scale  beam,  and 
observing  the  Weights  which  must  be  added  to  raise  it  up 
from  the  surface  of  a  liquid  with  which  it  is  in  contact. 
From  these  experiments  it  appears  that  every  substance, 
provided  the  diameter  of  the  plate  be  the  same  and  it  can 
be  wetted  by  the  liquid,  requires  exactly  the  same  weight 
to  raise  it.  The  adhesion,  then,  as  well  as  the  capillarity, 
is  independent  of  the  nature  of  the  solid,  and  depends 
solely  on  the  nature  of  the  liquid.  It  is  easy  to  see  the 
reason  of  this,  for  the  plate  -always  brings  away  with  it  a 
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layer  of  the  liquid.  The  effort  of  the  additional  weight  is 
employed,  not  in  separating  the  particles  of  the  plate  .from 
those  of  the  liquid,  hut  in  separating  the  particles  of  the 
liquid  from  eaoh  other;  it  is  the  cohesion  of  the  liquid 
which  is  overcome.  These  experiments  give  a  measure  of 
the  cohesion  of  a  liquid^  or  of  the  attraction  which  it  exerts 
on  itself^  and  this  attraction  is  very  different  for  different 
liquids.  When  the  surface  of  the  solid  is  not  wetted  hy  a 
liquid^  as  when  a  plate  of  glass  is  in  contact  with  mer- 
cury, the  weight  which  must  be  added  to  draw  up  the  glass 
expresses  no  longer  the  cohesion  of  the  liquid,  but  the  ad- 
hesion between  the  liquid  and  the  glass.  Thus,  there 
always  exists  between  the  molecules  of  a  solid  and  liquid 
an  attraction  more  or  less  strong.  The  cohesion  of  a  liquid 
is  always  greater  than  its  adhesion  to  a  solid. 

The  preceding  experiments  lead  to  the  two  following 
principles.  P.  That  there  exists  in  each  liquid  a  force  of 
cohesion,  that  is^  a  molecular  attraction  betwixt  the  ad- 
jacent particles.  2**.  That  there  exists  between  solids  and 
liquids  a  force  of  adhesion,  that  is^  a  molecular  attraction 
betwixt  the  molecules  of  the  solid  and  the  liquid.  These 
two  species  of  attractive  forces  can  only  be  distinctly  laid 
down  by  their  relative  intensity  at  the  same  distance,  and 
by  the  law,  according  to  which  their  intensity  decreases  as 
the  distance  increases.  These,  however,  not  being  at  pre- 
sent known,  some  hypothesis  must  be  adopted,  and  there 
can  be  no  difficulty  in  adopting  that  of  Laplace.  He  sup- 
poses that  the  attractive  forces  which  produce  these  phe- 
nonema  decrease  with  such  rapidity  that  they  are  nothing 
at  sensible  distances ;  and  that  when  a  liquid  is  raised  in  a 
tube,  an  infinitely  thin  layer  first  attaches  itself  to  the  sides 
of  the  tube,  and  so  forms  an  interior  fluid  tube  which, 
acting  solely  by  its  attraction,  sustains  the  column  at  a 
height  depending  on  the  cohesive  power  and  density  of 
the  liquid.  From  these  principles  he  explains  all  the  pre- 
ceding phenomena,  and  reproduces  the  observed  facts  with 
an  exactitude  which  can  leave  no  doubt  of  the  truth  of  the 


> 


180  SLBMENTS   OF   PHYSICS.  CHAP.  VII. 

theory.*    We  shall  endeavour  to  give  an  idea  of  the  way 
in  which  the  equilibrium  is  preserved. 

116.  Equilibrium  of  the  Column, — The  small  liquid 
column  which  occupies  the  axis  of  the  capillary  tube  can- 
not be  sustained  above  its  level  by  any  attraction  of  the 
sides ;  for  this  tube«  though  capillary^  has  still  a  sensible 
magnitude^  and  the  attraction  of  its  particles  cannot  extend 
so  far  as  the  axis  of  the  tube.  This  is  confirmed  fay  the 
fact,  that  the  height  of  the  sustained  column  is  entirely  in- 
dependent of  the  thickness  of  the  tube.  We  must  con- 
dude,  therefore^  that  the  column  is  elevated  by  the  action 
of  the  water  upon  itself^  and  examine  how  this  can  be  ef- 
fected. When  a  fluid  is  at  rest  the  particles  at  its  surface 
must  be  acted  upon  by  some  force  besides  gravity.  A  particle 
in  the  interior  is  acted  on  by  the  attractions  of  the  sur- 
rounding particles,  but  the  particles  at  the  surface  have 
no  particles  above  them ;  hence  the  action  of  the  liquid 
must  tend  to  make  the  particles  of  the  surface  enter  into 
the  interior  of  its  mass,  and  it  would  actually  produce 
this  effect,  were  it  not  for  the  equality  of  the  pressure 
at  the  end  of  any  canal  which  can  be  drawn  finran  one 
point  to  any  other  point  of  the  surface.  There  is  then 
an  action  of  the  interior  particles  of  the  liquid  on  the 
particles  of  the  surface,  and  this  action  must  evidently 
be  different  for  a  curved  surface  from  that  for  a  plane 
surface.  The  nature  of  this  action  must  be  conadered; 
and  it  is  proved  by  Laplace  that  the  action  from  without 
inwards  is  less  in  a  concave  surface,  and  greater  in  a  con- 
vex surface,  than  when  the  surface  is  plane.  Thus,  when 
the  natures  of  the  solid"  and  the  liquid  are  such  that  the 
solid  is  wetted  by  the  liquid,  the  surface  is  concave,  md 

*  M.  Poisson  has  recently  published  his  New  Theory  of  CapiUary 
Attraction f  which  is  sometimes  spoken  of  as  being  opposed  to  that  of 
Laplace.  But  the  fact  seems  to  be  that  Laplace's  results  must  be  con- 
sidered as  approximations,  which  are  very  nearly  accurate.  Laplace 
supposes  water  and  mercury  as  incompressible ;  now  though  this  is  not 
accurately  the  case,  the  deviations  from  this  law  do  not  affect  capillary 
phenomena  as  to  kind,  nor  are  they  certainly  known  to  affect  them  in 
degree. — See  Professor  Challis  on  Capillary  Attraction,  in  Reports  Cf 
the  British  Association,  1834. 
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tlie  dhniiiiiticRi  of  pressure  from  without  inwards  which  re- 
sults from  the  surface  being  concave  instead  of  p1ane,'must 
be  made  up  by  an  additional  column  of  the  fluid ;  in  this 
cafe  thete  is  an' elevation.  But  when  the  solid  cannot  be 
wetted  by  the  fluids  and  the  surface  is  convex,  the  increase 
of  pressure  from  without  inwards  which  results  from  the 
surface  being  convex  instead  of  plane,  must  be  corrected  by 
a  diminirtion  in  the  column;  in  this  case,  then,  there  is  a 
defvenion. 

We  may,  perhaps,  form  a  more  distinct  idea  of  the  way 
in  whieh  the  equilibrium  is  effected,  by  the  following  con- 
■deratkms.  The  column  terminated  by  the  concave  surface 
may  be  conceived  to  consist  of  a  column  terminated  by  a 
plane  surface  plus  a  meniscus  with  its  concavity  turned  up- 
wards ;  and  the  convex  column  to  consist  of  a  column  ter- 
Binated  by  a  plane  surface  minus  a  meniscus  with  its  con- 
cavity downwards.  Now,  the  attraction  of  this  additional 
nenisciis  is  in  both  cases  the  same  in  amount ;  and  the  fact 
of  its  presence  or  absence  causes  too  great  or  too  small  an 
npwaid  action  ;  thus  there  is  an  unequal  action  at  the  two 
extremities  of  the  canal,  and  this  inequality  is  compensated 
fay  to  elevation  of  the  fluid  in  one  case,  and  by  a  depression 
id  the  other.  The  deviations,  then,  from  the  law  of  fluid 
kvek  are  the  consequence  of  the  forces  to  which  the  dif- 
facent  points  of  the  surface  are  subject ;  and  the  law  that 
whea  a  fluid  is  in  equilibrium  the  pressure  must  be  the 
leme  at  all  points  of  the  surface  (Art.  98},  holds  here. 

Let  ab  c  represent  the  capil- 
hiy  auAce  of  water  raised  above 
the  external  level ;  and  let  b  d 
h'/he  any  imaginary  canal  lead- 
ing from  one  surface  to  the  other ; 
sinoe  the  whole  liquid  is  in  equi- 
librium, this  canal  will  be  also 
in  equiBbrium.  If,  now,  the 
capillary  surface  were  plane,  that 
18,  hoxixontal,  or  parallel  to  the 
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surface  of  the  external  fluid,  the  downward  action  of  the 
liquid  on  a  particle  at  b  and/*,  tending  to  make  it  enter 
into  the  liquid,  would  be  the  same  ;  but  the  surface  ab  c 
being  concave,  it  is  greater ;  hence  the  equilibrium  is  pre- 
served by  the  weight  of  the  column  b  d  compensating  for 
the  difference  of  these  actions.  But  suppose  a  b'  c  to  be 
the  capillary  surface;  then  the  downward  action  of  the 
liquid  being  greater  in  a  convex  than  in  a  plane  surface, 
this  greater  action  is  compensated  for  by  the  defect  b'  d  of 
the  column. 

Again,  draw  m  n,  m'  n'  touching  the  columns  at  b  and  b\ 
then  the  elevated  column  may  be  conceived  to  consist  of  the 
column  terminated  by  m  n  plus  the  meniscus  amnc\  and 
the  depressed  column  of  a  column  terminated  by  ni  n  minus 
the  meniscus  a'  ni  b'  n  c\  Now,  the  meniscus  a  m  b  n  c 
draws  up  and  sustains  the  elevated  column  ;  the  meniscus 
dmb'  ti  c  would,  if  it  existed,  draw  up  the  liquid,  but  by 
its  absence  the  downward  pressure  is  greater^  and  the  sur- 
face is  consequently  depressed, 

117.  General  Observations.  •'•^  In  the  preceding  theory 
Laplace  starts  from  the  form  of  the  surface  ;  when  nothing 
interferes  with  the  natural  action  of  the  fluid  its  surface  is 
plane  ;  but  if  there  be  any  foreign  or  extraneous  action,  the 
surface  takes  a  different  form,  and  we  must  see  whether, 
from  this  form,  the  action  of  the  liquid  on  itself  is  increased 
or  diminished.  When  the  surface  is  concave  the  action  is 
less,  because  all  the  liquid  which  is  above  the  tangent 
plane  at  any  point  acts  upwards,  and  therefore  weakens  the 
natural  action  of  gravity,  which  is  downwards;  so  that  if 
we  conceive  that  the  liquid  curves  itself  in  order  to  mount 
up  to  the  level  of  the  external  fluid,  there  cannot  be  equi- 
librium unless  there  be  an  excess  of  height  sufficient  to 
compensate  for  the  diminution  of  pressure  due  to  this  cause. 
Just  the  reverse  takes  place  if  the  surface  formed  is  convex ; 
this  augments  the  pressure  upon  itself,  and,  consequently, 
the  column  has  a  less  height,  or  is  below  the  external 
level. 
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The  peculiar  character  of  the  preceding  theory  is^  that  it 
makes  every  thing  depend  upon  the  form  of  the  surface. 
The  nature  of  the  solid  body  and  that  of  the  fluid  deter- 
mine simply  the  direction  of  the  first  elements 'where  the 
fluid  touches  the  solid ;  for  it  is  at  this  point  only  that  their 
mutual  attraction  is  sensibly  exerted.  These  directions 
being  given^  they  beccxne  the  same  always  for  the  same 
fluid  and  the  same  solid,  whatever  be  the  figure  and  mass  of 
the  body.  But  beyond  the  first  elements,  and  beyond  the 
sphere  of  the  action  of  the  solid,  the  direction  of  the  ele- 
ments and  the  form  of  the  surface  are  determined  simply  by 
the  action  of  the  fluid  upon  itself.  All  the  causes,  there- 
fore, which  by  their  action  on  the  surface  of  the  glass  can 
diange  the  direction  of  the  first  elements,  must  change  also 
the  curvature  of  the  liquid  surface,  and,  consequently,  the 
elevation  of  the  fluid.  This  explains  the  depression  of  the 
fluid  coated  on  the  interior  with  an  oily  substance,  the  ele- 
vati<m  of  mercury  in  dry  tubes,  and  its  depression  in  moist 
ones.  Friction  may  also  produce  analogous  eflects,  and 
Laplace  has  cited  examples  of  this  kind. 

Capillary  phenomena  are  not  confined  to  tubes,  but  take 
^ace  also  in  plane  spaces.  Water  rises  and  mercury  sinks 
between  two  ^ass  plates  placed  at  a  small  distance  firom 
eadi  other.  The  law  of  these  phenomena  is  the  same  as  in 
the  case  of  tubes.  The  elevations  and  depressions  are  re- 
ciprocally proportional  to  the  distances  of  the  plates.  But 
there  is  this  singular  difference,  remarked  by  Newton,  that 
the  abscdute  effect  is  exactly  half  of  what  it  is  in  tubes  ; 
that  is,  between  plates  at  the  distance  of  ^^  of  an  inch, 
die  water  rises  to  precisely  the  same  height  as  in  a  tube  of 
3^  of  an  inch  in  diameter.  This  singular  relation  is  an 
immediate  consequence  of  the  preceding  theory  when  traced 
oat  by  mathematical  reasoning,  *  The  preceding  theory  of 
capillary  attraction  would  furnish  a  good  example  of  the 
ettablishment  of  a  physical  theory ;  the  phenomena  are  re- 

•  Theory  of  FluUs,  Art.  89. 
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produced,  and  predicted  by  the  theory  with  great  exactness ; 
but  We  cannot  here  cMter  on  this  subject. 
'   118.  Absorption  and  Filtration. — The  absorbing  action 
which  somb  substances  exert  on  those  liquids  which  can  wet 
them,  is  evidently  due  to  capillarity ;  all  their  small  inter- 
stices are  analogous  to  tubes  more  or  less  fine ;  their  sides 
are  first  lined  with  a  thin  layer  of  the  liquid,  and  this  layer 
attracts  the  contiguous  particles  according  to  its  density^ 
and  retains  them  according  to  its  cohesive  power.  The  rate 
of  the  absorption  depends  on  the  form  and  magnitude  of 
the  pores  of  the  absorbing  body ;  on  the  attraction  which  it 
exerts  on  the  air  with  which  the  pores  are  impregnated;  on 
the  attraction  which  subsists  between  it  and  the  liquid; 
and  lastly,  on  the  attraction  which  the  liquid  exerts  on  it- 
self.    All  bodies  are  porous  ;  hence  it  would  seem  that  all 
ought  to  be  absorbents  ;  but  we  must  distinguish  between 
the  pores  which  depend  on  the  nature  of  the  substance^  and 
the  pores  which  depend  on  the  structure  and  arrangement 
of  its  parts ;  the  former,  being  only  the  necessary  intervals 
which  separate  the  particles,  will  not  in  general  admit  of 
foreign  substances,  whilst  accidental  pores  are  almost  al- 
ways, from  their  dimensions,  fitted  to  receive  the  liquids 
which  wet  them.      Thus  the  regular   crystalline   masses 
seldom  possess  any  absorbing  power,  whereas  masses  irregu- 
larly aggregated,  as  those  which  consist  of  a  mass  of  dust 
or  small  fragments,  are  always  absorbents.    Inorganic  nature 
does  not  present  a  single  exception  to  this  law,  nor  does 
any  appear  to  exist  in  organic  nature;  for  all  solid  orga- 
nized bodies  consist  of  fibres,  tissues,  and  generally  of  for- 
mations destined  to  receive  nourishment,  and,  consequently, 
the  fiuids  which  convey  it. 

The  filtration  of  water  through  filtering  stones,  or 
through  sand,  of  spirits  through  unsized  paper,  of  several 
liquids  through  wool  or  cotton,  are  so  many  examples  of  ab- 
sorption by  different  solids.  For  a  filter  does  not  act  as  a 
sieve  by  stopping  all  those  particles  which  are  too  coarse  to 
pass;  but  it  becomes  wetted  by  its  capillarity,  it  transmits 
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liquids  independently  of  the  pressiuce  to  which  they  are 
subjected^  and  all  the  drops  which  pass  have  been  during 
their  passage  constantly  subject  to  a  pressure  more  or  less 
powerful. 

The  ascent  of  the  sap^  and  its  spread  through  the  whole 
of  a  plants  from  the  lowest  root  to  the  extremity  of  the 
highest  and  most  distant  leaves^  are  phenomena  closely 
allied  to  capillarity ;  and  the  passage  of  water  into  vege- 
tables furnishes  a  most  striking  instance  of  absorption.  But 
the  theory  in  its  present  state  seems  inadequate  fully  to  ex- 
plain these  phenomena. 
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CHAP.  VIII. 

ACOUSTICS,  OR  THE  LAWS  OF  SOUND. 

Section  I. 

PRODUCTION    AND   TRANSMISSION    OF  SOUND WAVES    OP    SOUND DECAY 

AND  VELOCITY   OF    SOUND RAYS    OF    SOUND REFLECTED    SOUND  — 

SPEAKING   TRUMPETS THUNDER THE   EAR. 

119.  The  object  of  that  part  of  science  which  is  termed 
Acoustics^  is  the  determination  of  the  laws  according  to 
which  sound  is  produced  and  transmitted  to  our  organs. 
This  subject  belongs  peculiarly  to  the  province  of  physics, 
because  all  bodies^  whilst  they  are  producing  noise  or  sound, 
experience  remarkable  modifications,  entirely  dependent  on 
the  physical  laws  of  their  constitution.  For  we  shall  see 
that  no  body  can  emit  a  sound  without  being  shaken 
throughout  its  whole  mass,  and  that  all  the  particles  which 
compose  it  perform  oscillations  or  motions  of  vibration, 
with  a  rapidity,  such  that  direct  observation  cannot  count 
their  number.  The  extent  and  duration  of  these  move- 
ments, the  direction  in  which  they  are  propagated,  and  the 
harmony  which  must  exist  among  them,  so  that  they  may 
be  sustained  and  transmitted  without  being  destroyed,  are 
among  the  most  striking  phenomena  in  which  philosophers 
may  contemplate  the  molecular  arrangement  of  the  par- 
ticles of  bodies,  their  elasticity,  and  all  the  circumstances 
of  their  internal  structure. 

Some  idea  may  be  formed  of  the  number  and  variety  of 
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the  phenomena  which  acoustics  embraces  when  we  con- 
sider, that  to  all  the  sounds  we  hear,  to  all  the  gradations 
and  tones  which  our  organ  can  detect,  there  most  certainly 
corresponds  a  different  physical  modification  in  the  air 
which  conveys  to  us  these  impressions,  and  in  the  sounding 
body  from  which  the  air  has  received  them. 

It  is  the  series  of  these,  distinct  motions  communicated 
one  after  the  other  from  the  sounding  body  to  us  which  it 
is  required  fully  to  explain.  Thus  the  science  of  acoustics 
takes  the  sound  at  its  birth,  so  to  speak ;  it  proves  unques- 
tionably that  it  is  the  motion  of  all  the  particles  of  the 
body  which  produces  it ;  that  this  motion  is  communicated 
to  and  traverses  the  air,  coming  at  last  to  our  organ ;  there 
science  has  reached  its  limit ;  from  the  instant  the  nerve  of 
the  ear  is  beaten  there  is  no  perceptible  trace  of  any  ma- 
terial modification,  or  consequently  of  physical  phenomena. 
These  general  remarks  shew  distinctly  in  what  the  science 
of  acoustics  differs  from  that  of  music — the  former  treating 
of  sound  as  it  exists  without  us,  and  without  any  reference 
to  the  particular  sensations  which  it  produces;  the  latter 
treating  of  the  laws  of  those  sounds  which  are  calculated  to 
excite  or  allay  peculiar  emotions  and  passions. 

120.  Sound  produced  hy  a  motion  of  oi^ro/tOTi.— 'Sound 
considered  with  respect  to  the  sounding  body,  consists  of  a 
motion  of  vibration  impressed  on  the  parts  of  the  body.  In 
general,  that  a  body  may  be  capable  of  producing  sound,  it 
must  possess  some  elasticity.  Soft  bodies,  as  wool,  cotton, 
and  down,  cannot  produce  any  sound;  those  which  are 
absolutely  hard,  or  which  approach  to  an  absolute  hard- 
ness, as  stones  and  rocks,  are  not  generally  ranked  among 
sounding  bodies;  and  they  are  in  fact  more  capable  of 
producing  a  dull  noise  than  a  sound  properly  so  called. 
Liquids,  also,  whose  elasticity  is  small,  appear  incapable  of 
producing  sound.  Sometimes  we  hear  water  resound  as  it 
fsdls  into  a  vessel ;  it  also  produces  sound  when  it  is  put 
on  the  fire  in  a  deep  vessel  and  approaches  the  point  of 
ebullition.     This  effect,  however,  must  be  attributed  to  the 
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vessel  which  contains  it,  or  to  the  air  which  it  carries  with 
it  during  the  fall^  or  disengages  during  the  approach  to 
the  hoiling  point.  It  is  not,  however,  contended  that 
water  is  absolutely  incapable  of  producing  sound ;  for  we 
shall  see  that  any  sound  produced  in  water  can  be  heard, 
and  any  substance  which  has  the  property  of  transmitting 
sound  can  produce  it  also ;  but  only  that  the  power  which 
water  or  other  liquids  have  of  producing  sound  is  exceed- 
ingly small,  and  scarce  worth  any  consideration. 

The  production  of  sound  then  being  peculiarly  the  pro- 
perty of  elastic  bodies^  those  are  the  most  sonorous  whose 
elasticity  is  the  most  perfect.  Thus  glass,  some  metals 
hardened  by  mixture  or  by  tempering,  strings  of  musical 
instruments,  wood  reduced  to  thin  layers,  the  air  itself 
enclosed  or  free,  are  the  substances  most  proper  to  produce 
sound,  because  they  are  also  the  most  elastic.  We  know 
from  the  consideration  of  the  constitution  of  bodies  that 
the  essential  condition  of  elasticity  is  a  fixed  arrangement 
of  the  elementary  particles,  and  this  cannot  be  changed  in 
ever  so  small  a  degree,  without  the  bodies  making  some 
effort  to  return  to  their  former  state.  Left  to  themselves 
they  return  to  it  at  last,  after  several  oscillations  more  or 
less  numerous.  But  it  is  when  the  elasticity  of  bodies  has 
been  thus  called  into  play,  and  during  the  continuance  of 
their  oscillations^  that  they  produce  sound.  The  sound  is 
more  or  less  feeble  according  as  their  elastic  power  has  been 
more  or  less  stretched  by  the  compression  or  the  impulse. 
Any  person  may  be  convinced  of  this  by  holding  a  bell  glass 
in  the  hand,  and  striking  it  gently  at  the  lower  part  a 
sound  wiU  be  produced,  which,  lasting  some  instants,  will 
gradually  die  away.  We  have  only  to  consider  what  took 
place  on  striking  the  glass.  The  particles  which  were 
struck  recede  from  the  blow,  and  then,  immediately  re- 
covering themselves,  move  back  towards  their  original 
position ;  they  pass,  however,  beyond  this  position,  and  go 
on  moving  backwards  and  forwards  until  rest  is  restored. 
During  all  this  time  the  bell  will  have  sounded,  and  it  is 


SECT.  I.  LAWS   OF    SOUND.  189 

only  when  the  motion  has  ceased  that  the  sound  will  cease 
also.     This  may  he  shewn  to  the  eye  hy  holding  a  har  near 
the  glass;  it  will  he  alternately  struck,  as  the  glass  deviates 
from  its  original  circular  form^  passing  alternately  into  an 
elongated  or  flattened  form.     It  is  to  this  rapid  succession 
of  small  shocks,  rendered  sensihle  hy  the  change  of  form^ 
that  the  name  of  oscillations  is  given,  and  which  we  here 
consider  as  the  cause  of  the  sound.    We  are  never  sensihle 
of  sound  unless  there  exist  these  vlhrations  of  a  hody. 
Every  hody  then  in  the  act  of  sounding  makes  vibrations 
more  or  less  rapid;  and  the  air  itself,  when  it  produces 
sounds  as  by  the  stroke  of  a  whip,  or  the  rapid  revolution 
of  a  cut  cord,  takes  a  similar  motion,  produced  by  the 
alternations  of  the  motion  of  the  aerial  particles,  so  as  to 
produce  condensations  and  rarefactions.     But  the  strongest 
proof  that  sound,  considered  with  reference  to  the  sounding 
body,  is  nothing  but  the  rapid  motion   of  oscillation,  is 
that  the  sound  ceases  at  the  instant  when  this  motion  is 
arrested  by  any  cause  whatever.     If  the  sounding  glass  be 
set  down  on  a  cloth  its  sound  instantly  ceases^  that  is,  the 
vibrations  are  extinguished. 

121.  Transmission  of  Sound. — Knowing  what  passes  in 
a  body  which  produces  sound,  we  can  easily  determine  what 
takes  place  in  the  air  which  surrounds  the  sounding  body. 
The  glass  struck  by  the  hand  has  all  its  zones  set  in 
vibration,  that  is  to  say,  they  are  alternately  flattened  and 
lengthened,  thus  oscillating  or  balancing,  so  to  speak,  for 
some  time  about  their  true  form.  The  air  in  contact  with 
the  bell  necessarily  participates  in  these  oscillatory  motions ; 
its  particles  at  the  first  instance  approach  each  other, 
or  a  condensation  takes  place,  which  is  communicated  suc- 
cessively throughout  the  fluid ;  but  the  returning  motion 
of  the  particles  of  the  bell  permits  the  air  to  dilate  itself 
previous  to  being  compressed  again;  thus  there  is  esta- 
blished in  the  surrounding  air  a  rapid  alternation  of  com- 
pression and  dilation,  corresponding  to  the  alternating 
motion  which  exists  in  the  sounding  body.     By  virtue  of 
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its  being  an  elastic  fluid  the  air  returns  vibration  for  vibra- 
tion, and  thus  the  shock  given  by  the  glass  is  transmitted 
to  our  organs.  The  air  is  then  the  vehicle  of  sound ;  with- 
out it  we  should  not  be  sensible  of  the  vibrations  which 
were  taking  place  in  the  sounding  body.  This  will  be 
rendered  at  once  evident  by  placing  a  bell  under  the 
receiver  of  an  air  pump,  with  a  contrivance  that  it  should 
ring  itself.  As  the  air  is  exhausted  the  sound  dies  away, 
and  is  at  last  absolutely  extinguished,  although  the  vibra- 
tions of  the  bell  are  going  on.  The  sound  revives  again 
as  the  air  is  let  in.  If  air  be  forced  in  by  a  condenser  the 
sound  becomes  louder.  The  preceding  experiment  ex- 
plains the  diminution  of  sound  at  high  elevations  ;  on  the 
top  of  Mount  Blanc,  according  to  Saussure,  the  report  of 
a  pistol  is  only  a  slight  pop.  Hence  no  sound  can  reach 
us  from  very  great  heights. 

But  atmospheric  air  is  not  the  only  medium  capable  of 
transmitting  sound ;  all  other  fluids,  similar  to  air,  as  gases 
and  vapours,  will  transmit  it.  Liquids  also  possess  this 
property.  If  a  small  watch,  covered  with  a  glass,  be  let 
down  in  water,  its  beats  will  be  heard  by  an  ear  at  the 
surface ;  and  the  sound  of  the  stones  at  the  bottom  is  trans- 
mitted to  our  ears  as  the  murmur  of  the  stream.  A  person 
immersed  in  water  hears  a  sound  from  without ;  a  slight 
sound  however  is  not  audible  to  our  organs,  but  flshes, 
whose  preservation  depends  on  it,  can  hear  the  slightest 
sound  from  without,  and  the  flsh '  of  a  pond  will  come  to 
the  surface  at  the  known  sound  of  music.  In  the  descent 
with  the  diving  bell  the  signals  are  given  by  striking  on  the 
side  of  the  bell.  It  has  been  asserted  that  water  transmits 
sound  simply  by  virtue  of  the  air  which  it  contains  ;  this 
however  is  not  the  case,  since  it  equally  possesses  that  pro- 
perty when  the  air  is  entirely  removed.  Water  then  can 
of  itself  propagate  sound,  and  this  fact  is  a  proof  of  its 
elasticity.  The  motions  which  sound  produces  in  water 
may  be  seen  by  taking  a  tumbler  nearly  full  of  water  and 
running  a  wet  finger  round  the  edge  so  as  to  produce  a 
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musical  note.  The  vibrations  of  the  glass  will  cause  an 
oscillation  in  the  water  and  a  motion  so  violent,  that  the 
water  may  be  thrown  out  of  the  glass  by  dashing  over  the 
edge. 

Solids  possess  the  same  property  of  transmitting  sound ; 
if  the  ear  be  placed  at  one  extremity  of  a  long  piece  of 
wood  and  a  watch  at  the  other,  the  ticking  of  the  watch 
will  be  heard  most  distinctly ;  bars  of  iron,  and  all  other 
solid  substances^  can  transmit  sound  according  to  their  own 
laws ;  thus  an  ear  placed  near  the  ground  will  distinguish 
an  approaching  footstep  long  before  it  would  have  been 
audible  if  conveyed  simply  by  the  air.  Since,  however, 
the  air  is  the  great  vehicle  of  souild,  we  must  examine  par- 
ticularly into  the  manner  in  which  this  propagation  takes 
place  in  this  and  other  similar  elastic  media. 

122.  Waves  of  Sound, — Suppose  now  that  a  bell  sus- 
pended in  air  is  struck  by  a  hammer ;  the  sound  produced 
travels  to  a  great  distance  and  fills  a  circular  space  which 
would  be  accurately  spherical  if  the  sounding  body  were 
but  a  point,  and  had  an  equal  quantity  of  air  on  all  sides 
of  it.  But  the  sound  does  not  instantly  travel  over  all  the 
space  through  which  it  can  be  heard;  its  propagation  is 
successive,  and  takes  place  in  the  following  manner.  The 
parts  of  the  bell  which  are  in  vibration  strike  the  particles 
of  the  air,  and  displace  them  successively  to  a  certain,  dis- 
tance; thus  a  compression  or  condensation  takes  place. 
The  effect  of  this  first  impulse  is  necessarily  limited ;  for  in 
proportion  as  it  recedes  from  the  origin  of  the  motion  the 
number  of  particles  disturbed  increases,  and  consequently 
the  efiect  becomes  weakened  by  propagation.  Let  us  sup- 
pose that  at  the  first  instant  there  is  in  contact  with  the 
sounding  body  an  envelope  of  condensed  air  of  greater  or 
less  thickness,  according  to  circumstances.  This  condensed 
tor  will,  by  virtue  of  its  elasticity,  return  to  its  former 
state  of  rest.  Similarly  we  may  conceive  the  sounding 
body  to  be  surrounded  by  an  envelope  of  rarefied  air,  which 
will  almost  immediately  be  restored  to  the  state  of  elasticity 
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and  denafity  in  which  it  existed  previous  to  its  being  dis- 
turbed. The  state  of  condensation  and  rarefaction  which 
we  have  supposed  to  exist  in  each  of  these  envelopes,  is 
transmitted  throughout  the  whole  mass  of  air.  The  air  is 
condensed  successively  throughout  its  whole  extent^  and 
rarefied  successively.  These  effects,  however,  diminish  as 
we  recede  from  the  point  of  the  original  disturbance,  and 
finally  become  insensible.  Such  is  the  manner  in  which, 
reasoning  on  the  known  properties  of  the  air^  we  are  led  to 
believe  that  sound  is  propagated  through  the  atmosphere ; 
and  the  preceding  shews  us  that  sound  must  pass  by  degrees, 
and  successively,  across  the  space  throughout  which  it  can 
be  heard. 

A  sounding  body  then  may  be  considered  as  enveloped 
with  layers  of  air  nearly  concentric,  which  are  brought  into 
their  particular  state  one  after  the  other,  and  the  particles  in 
which  execute  their  particular  vibrations,  which  are  of  less 
extent  as  the  particles  are  more  removed  from  the  origin 
of  the  sound.  These  layers  of  air  have  been  called  waves 
of  sound;  they  may  be  compared  to  the  waves  which  are 
excited  in  still  water  when  a  small  body  is  dropped  into  it 
(Art.  109).  It  is  of  importance  to  remark  that  the  waves 
produced  in  this  manner  in  still  water  have  all  the  same 
breadth ;  the  same  is  the  case  with  sound ;  that  is  to  say, 
for  a  given  cause  producing  sound  the  waves  are  every 
where  of  the  same  thickness.  This  oscillating  movement,  or 
undulation,  evidently  proceeds  from  the  suddenness  of  the 
impulses  of  the  sounding  body.  The  impact  is  so  sudden 
that  the  air  at  the  first  instant  cannot  yield  except  to  a 
certain  distance,  and  it  is  by  the  action  of  this  air,  causing 
a  successive  displacement  in  the  contiguous  particles,  that 
sound  is  transmitted. 

123.  Decay  of  Sound, — The  air  then  is  agitated  by 
the  sounding  body,  but  not  sensibly  displaced.  The  loudest 
noise  and  the  most  startling  sounds,  produce  not  the  least 
agitation  in  the  fiame  of  a  candle.  Moreover  it  is  cer- 
tain, that  the  air  of  a  concert  room  is  agitated  on  all  sides; 
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that  it  experiences  an  infinity  of  sudden  condensations  and 
rarefactions.  All  this  however  produces  in  the  air  not  the 
least  current  or  motion  of  translation  ;  each  particle  of  air 
remains  sensibly  in  its  place,  and  makes  small  oscillations 
forwards  and  backwards^  which  succeed  with  more  or  less 
rapidity,  which  are  of  the  same  duration  for  the  same 
sound,  at  every  distance  from  its  origin,  and  which 
diminish  in  extent  only,  as  they  recede  from  the  original 
disturbance ;  it  is  from  this  cause  that  the  sound  diminishes 
with  the  distance.  It  is  evident  that  the  number  of  par- 
ticles which  exist  on  a  spherical  surface  increase  as  the 
square  of  the  diameter  of  the  sphere ;  hence  the  intensity  of 
sound  must  decrease  in  the  same  ratio ;  this  is  expressed  by 
saying  that  the  force  or  intensity  of  sound  decreases  as  the 
inverse  square  of  the  distance.  This  conclusion  cannot  be 
doubted  when  sound  spreads  spherically,  or  all  round  the 
body  which  produces  it ;  but  when  sound  is  transmitted 
down  a  cylindrical  column  there  is  no  similar  reason  for 
its  decay  I  and  we  find  that  the  slightest  whisper  may  be 
heard  to  a  very  great  distance  in  a  long  tube.  The  dis- 
tance at  which  sound  can  be  heard  depends  as  much  on 
the  sensibility  of  the  organ  as  on  the  intensity  of  the 
sound.  The  timid  deer  will  start  at  a  sound  which  many 
other  animals  would  not  detect. 

124.  Velocity  of  Sound, — The  propagation  of  sound 
being  successive  its  transmission  requires  time,  hence  the 
actual  velocity  of  sound  i^  a  most  interesting  question. 
On  this  subject  theory  and  experiment  are  well  agreed, 
atid  it  appears  that  the  temperature  being  the  same,  the 
velocity  of  all  sound  is  about  11 15  feet  per  Second.*  The 
fact  that  all  sounds  in  the  same  air  travel  with  the  same 
velocity  is  clearly  proved  by  the  performance  of  a  rapid 
piece  of  music  by  a  band  at  a  distance.  Did  the  slightest 
difference  exist  in  the  velocity  of  the  sounds  of  different 
notes,  there  would  be  utter  destruction  to  all  harmony,  the 

•  Theory  of  Fluids,  Art.  142. 
S 
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essential  condition  of  which  is^  that  the  sounds  should 
reach  our  ears  in  a  precise  order,  and  at  exact  intervals. 
The  causes  which  influence  the  velocity  of  sound  are  such 
as  produce  any  change  in  the  state  or  elastic  force  of  the 
air.  If  the  air  be  foggy,  or  if  snow  be  falling,  the  free 
vibration  of  the  particles  is  disturbed  ;  if  the  temperature 
change  in  any  manner,  the  elastic  force  of  the  air  under- 
goes a  corresponding  change.  The  history  of  the  theo- 
retical determination  of  the  velocity  of  sound  is  curious, 
and  furnishes  a  remarkable  instance  of  the  effect  which 
must  be  attributed  to  the  development  of  heat.  The 
velocity  of  sound,  as  calculated  by  Newton,  was  about  one- 
sixth  less  than  the  observed  velocity ;  this  great  difference 
between  the  theoretical  and  practical  results  embarrassed 
philosophers,  until  Laplace  suggested,  whether  the  change 
in  the  elasticity,  consequent  on  the  development  of  heat 
when  air  is  condensed,  and  the  absorption  of  heat  when 
air  is  rarefied,  might  not  account  for  the  perplexing  dif- 
ference ;  this  being  included  in  the  calculation,  the  results 
of  theory  and  observation  agree  as  nearly  as  can  be  ex- 
pected.* 

The  velocity  of  sound  is  also  affected  by  the  direction  of 
the  wind ;  if  the  whole  body  of  air  in  which  the  sound  is 
propagated  be  moving  in  any  direction,  the  velocity  with 
which  sound  appears  to  travel  in  that  direction  will  be 
diminished  by  the  velocity  of  the  wind ;  but  if  the  wind 
blows  from  the  sounding  body  direct  to  the  ear,  the  velocity 
of  the  wind  must  be  added  to  that  of  sound  in  still  air. 
But  the  wind  will  not  influence  the  velocity  of  sound  in 
the  direction  perpendicular  to  that  in  which  it  is  going. 

The  knowledge  of  the  velocity  of  sound  will  frequently 
enable  us  to  determine  distances  with  considerable  accuracy. 
Every  one  must  have  observed  that  the  flash  of  a  gun 
precedes  the  sound,  and  that  the  interval  depends  on  the 
distance  at  whith  we  are  from  the  sounding  body.     Now 

•  Eneyc,  Metrop,  Art.  Soundf  67 — 70. 
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for  all  distances  on  the  earth's  surface  the  passage  of  light 
may  be  considered  as  instantaneous  ;  its  motion  is  so  rapid 
that  the  flash  of  the  gun  may  he  considered  as  seen  at  the 
instant  at  which  it  takes  place ;  if  tl^en  the  report  be  not 
heard  for  some  seconds,  we  may,  knowing  the  rate  at 
which  the  sound  travels,  and  observing  the  time  during 
which  it  has  been  traveling,  determine  the  distance  over 
which  it  has  travelled,  or  our  distance  from  its  origin. 
This  is  illustrated  on  a  grand  scale  in  the  phenomenon  of 
thunder;  we  see  the  lightning,  but  the  thunder  is  fre- 
quently not  heard  for  several  seconds;  hence  the  interval 
after  which  the  report  follows  the  flash  may  inform  us  of 
the  distance  of  the  electric  cloud. 

125.  Rays  of  Sound: — A  sounding  body  excites  in  the 
air  which  surrounds  it  a  general  disturbance,  which  ex- 
tends spherically  about  it,  and  forms  successive  waves, 
whereof  it  occupies  the  centre.     There  is  not  in  the  whole 
space  which  the  sound  fills,  a  single  point  at  which  the  ear 
being  placed  would  not  receive  the  sensation;    but  the 
undulatory  motion  does  not  prevent  the  propagation  of 
sound  also  in  straight  lines.     If  there  be  no  obstacle,  or 
peculiar  circumstance  connected  with  our  ear  being  aflected 
so  as  to  produce  in  us  the  sensation  of  sound,  we  judge 
very  well  of  the  position  of  the  body  with  reference  to  us 
which  produces  the  sound ;  and,  if  necessary,  we  can  go 
directly  to  it.     The  aerial  particles,  which  are  situated  on 
the  straight  line  from  us  to  the  sounding  body,  constitute 
a  ray  of  sound.     But  in  the  space  filled  with  the  sound  we 
can  draw  from  the  centre  to  the  surface  an  infinity  of  rays, 
and  consequently  a  very  great  number  of  organs  can  have  a 
perception  of  the  same  sound,  and  all  will  judge  that  it 
comes  from  the  place  from  which  it  really  comes.     This 
propagation  of  sound  in  a  straight  line  is  not  at  all  con- 
trary to  the  doctrine  of  propagation  by  waves ;  each  mole- 
cule of  air  is  supposed  to  be  in  contact  with  many  others, 
to  which  it  necessarily  communicates  the  motion  of  vibra- 
doa  which  itself  possesses.     Then  at  the  same  instant  that 
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this  motion  is  transmitted  forward  it  is  also  propagated 
laterally  on  all  sides;  and  hence  we  hear,  although  the 
sound  is  not  directed  to  our  ear. 

126.  Reflection  of  Sound. — Sound  has  then  a  progres- 
sive course,  and  extends  to  great  distances  when  nothing 
opposes  it.  But  if  it  meets  any  obstacle,  if  the  wave  of 
sound  is  arrested  in  its  progress  by  a  hard  or  elastic  body, 
then  the  sound  cannot  advance  farther ;  the  motion  is  not 
however  extinguished ;  the  aerial  particles  striking  against 
this  obstacle  continue  their  vibrations,  and  communicate 
them  to  those  which  are  before  them.  The  sound  will,  so 
to  speak,  return  on  itself,  making  the  angle  of  reflection 
equal  to  that  of  incidence.  The  obstacle  will  be  the  origin 
of  a  new  vibratory  motion  in  the  air ;  it  will  be  the  centre 
pf  new  waves  which  can  cross  without  disturbing  the 
former;  just  as  we  know  the  waves  of  still  water  can  cross 
each  other,  when  waves  are  formed  at  two  points  near  each 
other  (Art.  1 09) .  The  sound  thus  reflected  has  received  the 
name  of  echo.  The  body  which  produces  the  echo  may  be 
conceived  as  it  were  the  image  of  the  sounding  body,  and^this 
image,  just  as  in  the  reflection  of  light,  often  leads  us  into 
an  error  by  making  us  believe  that  the  sounding  body  is 
where  it  is  not.  Every  person  must  have  remarked  that 
bells  are  often  heard  as  if  in  a  situation  different  from  their 
real  one ;  on  the  right  for  instance,  when  they  are  really  on 
the  left;  this  arises  from  the  direct  sound  being  inter- 
cepted by  some  obstacle,  so  that  the  ear  can  only  hear  the 
sound  reflected  from  some  other  body. 

Any  body,  hard  or  elastic,  can  reflect  sound ;  a  rock, 
the  wall  of  a  house,  of  a  cavern,  or  of  a  vault,  reflect  it  ex- 
ceedingly well.  We  know  with  what  force  the  voice 
returns  to  itself  in  wells,  or  in  a  cistern  arched  with  stones 
well  fitted  together;  and  with  what  difiiculty  a  speaker 
can  be  heard  in  some  vaulted  rooms  qi  moderate  extent ; 
the  sound  reflected  from  near  points  interferes  with  the 
direct  sound,  and  disturbs  the  clearness.  The  Romans,  in 
order  to  heighten  the  voices  of  their  actors,  placed  in  the 
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comers  of  their  great  theatres  surfaces,  which,  reflecting 
the  sound,  enahled  it  to  reach  all  the  spectators  ;  to  make 
use  however  of  these  contrivances,  a  slow  and  studied  ar- 
ticulation is  necessary.     But  the  air  itself,  when  enclosed  in 
any  space,  and  constrained  in  its  motions,  is  the  hest  ohstacle 
for  the  reflection  of  sound •     Thus,  when  a  forest  makes  an 
echo,  it  is  not  so  much  the  leaves  of  the  trees,  or  the  branches, 
or  the  trunks,  which  reflect  the  sound ;  but  the  air,  which, 
contained  in  the  forest,  constrained  and  entangled  by  the 
foliage,  repels  the  rays  of  sound  as  a  solid  body  would  repel 
it ;  and  with  much  greater  advantage,  since  it  is  possessed  of 
the  same  elasticity,  and  returns  the  vibrations,  without  any 
sensible  loss  of  motion.     Hence  it  is  that  the  echo  of  a 
forest  is  so  much  more  perfect  than  the  echo  produced  under 
most  other  circumstances.     It  is  evident  that  soft  bodies 
cannot  make  an  echo — they  are  more  calculated  to  extin- 
guish sound;  thus  the  carpets  and  tapestry  of  our  apart- 
ments render  the  voice  dull,  and  prevent  the  resounding  of 
the  words  which  may  be  perceived  in  an  unfurnished  room. 
The  preceding  principles  have  been  recently  applied  in 
the  construction  of  a  parabolic  souTiding  board,  by  which 
the  voice  may  be  conveyed  straight  forward  to  the  most 
distant  parts  of  a  building.     It  is  a  property  of  the  para- 
bola, that  all  lines  from  the  focus  to  the  surface  make  the 
same  angle  with  the  perpendicular  to  the  surface  at  any 
point  as  a  line  parallel  to  the  axis  of  the  parabola.     Hence, 
since  the  angles  of  incidence  and  reflection  are  equal,  every 
ray  of  sound  proceeding  from  this  point  on  the  axis  is  re- 
flected in  one  and  the  same  direction,  namely,  parallel  to 
the  axis  of  the  parabola.     If  therefore  the  mouth  of  the 
speaker  be  in  the  focus,  the  sound  which  diverges  in  sphe- 
rical waves  above  his  head  will  be  caught  by  the  board  and 
reflected  in  one  and  the  same  direction.     Those  who  are 
within  the  ordinary  range  of  the  speaker's  voice  will  hear 
by  direct  rays  of  sound,  and  those  beyond  by  reflected 
rays.     Some  individuals  may  hear  in  both  ways,  and  no 
confusion  will  be  occasioned,  since  the  two  rays  will  sen- 
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ably  come  at  precisely  the  same  instant.  The  same  instru> 
ment  will  also  collect  the  slightest  whisper,  so  that  an  ear 
in  the  focus  may  hear  at  the  distance  of  one  hundred  feet 
sounds  which,  conveyed  naturally  through  the  air,  would 
be  scarcely  audible  at  the  distance  of  ten  feet.  It  is  stated 
that  the  unpleasant  sensation  to  the  speaker  from  the 
number  of  small  sounds  which  are  thus  rendered  audible^ 
is  a  great  practical  inconvenience  in  the  use  of  these  sound- 
ing boards. 

127.  Echo, — The  successive  propagation  of  sound  and 
its  reflection  at  elastic  surfaces,  suitably  situated^  give  rise 
to  the  phenomena  of  echos.      We  know  that  if  two  or 
three  syllables  are  pronounced  in  front  of  some  obstacle, 
sufficiently  distant,  they  will  frequently  be  heard  repeated 
the  instant  afterwards,  as  if  some  one  afar  off  was  mimick- 
ing the  speaker.     This  imitation  of  the  human  voice  by 
inanimate  objects  might  well  be  regarded  with  astonish- 
ment when  the  cause  was  not  understood ;  now,  however, 
it  can  only  serve  as  a  beautiful  illustration  of  a  physical 
law.     The  waves  of  sound  proceeding  from  the  mouth  to 
the  obstacle  undergo  reflection,  and  the  direct  rays  return- 
ing to  the  place  from  which   they  started,  the  syllables 
pronounced  are  heard  again  by  the  speaker.     Thus  the 
waves  of  sound  start  in  one  direction  and  return  in  the 
opposite,  without  in  any  way  disturbing  each  other.     The 
syllables  pronounced  may  be  heard  many  times  if  there  are 
several  obstacles  distributed  at  unequal  and  suitable  dis- 
tances, and  in  proper  relative  situations.     In  one  second 
sound  travels  over  about  1100  feet:  suppose  now  the  ob- 
stacle which  causes  the  echo  to  be  at  one-half  this  distance 
from  the  speaker ;  the  sound  will  take  half  a  second  to  reach 
the  obstacle,  and  half  a  second  to  return.     The  echo  will 
be  heard  therefore  after  about  one  second;  but  in  a  second 
the  mouth  can  pronounce  distinctly  five  or  six  syllables ; 
these  then  will  be  heard  repeated  one  after  the  other,  and 
in  the  same  order.     An  obstacle  placed  at  double  the  dis- 
tance in  a  different  direction  would  return  the  sound  in  two 
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seconds ;  the  echo  would,  however,  be  much  more  feeble, 
since  the  distance   over  which  the  sound  travels  before 
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reflection  is  doubled.  But  the  reflected  sound  meeting 
with  another  obstacle  may  be  again  reflected^  and  then  the 
echo  may  be  repeated  several  times  in  succession^  becomings 
however^  fainter  and  fainter  until  it  dies  away  entirely; 
sometimes  it  will  revive  suddenly,  so  that  these  variations 
in  the  sound>  depending  entirely  on  the  distance  and 
position  of  the  reflecting  surfaces^  may  constitute  a  series 
of  notes.  Of  this  there  is  a  remarkable  instance  under  the 
Menai  Bridge.  The  sound  of  a  blow  on  the  principal  pier 
is  returned  in  succession  from  each  of  the  cross  beams 
which  support  the  roadway^  and  from  the  opposite  pier 
at  a  distance  of  near  six  hundred  feet ;  besides  which  the 
sound  is  many  times  repeated  between  the  water  and  the 
roadway.  The  series  of  sounds  thus  produced  by  a  single 
blow  is  very  remarkable,  and  furnishes  several  beautiful 
illustrations  of  the  laws  of  sound.* 

Vaults  are  sometimes  so  constructed  that  two  persons 
placed  at  two  distant  points  may  hear  each  other  most 
distinctly,  although  speaking  in  so  low  a  voice,  that  a 
person  near  either  of  them  cannot  hear  a  syllable.  Such 
a  phenomenon  may  be  produced  by  an  ellipse.  For  it  is  a 
property  of  this  figure  that  all  straight  lines  drawn  from 
two  fixed  points,  termed  the  foci^  on  its  axis,  make  equal 
angles  with  the  curve,  that  is^  with  the  tangent  at  any  point 
of  the.  curve.  K  then  a  sounding  body  be  placed  at  one 
focus  of  an  ellipse,  all  the  rays  which  start  from  this  point 
will^  on  striking  the  concavity,,  be  reflected  so  as  to  reach 
the  other  focus ;  where,  by  their  concourse,  they  will  pro- 
duce a  sensible  disturbance.  An  ear  then  placed  at  this 
focus  will  receive,  besides  the  direct  rays,  a  great  number 
of  reflected  rays,  so  that  the  sound  will  be  strengthened 
and  made  sensible;  whereas  an    ar  situated  at  any  other 

*  See  Encye,  Metrop.  Art.  Sound,  35. 
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point  will  receive  only  the  direct  rays  which  are  not  suf- 
ficiently intense  to  produce  the  sensation  of  sound.  Thus 
the  sound,  though  too  feeble  to  be  heard  directly,  may  be 
strengthened  by  the  reflected  rays,  and  become  perfectly 
audible. 

128.  Speaking  Trumpets.  —  The  preceding  principles 
will  enable  us  to  understand  the  common  speaking  trum- 
pet, which  is  an  instrument  frequently  used  at  sea  for 
conveying  the  human  voice  to  a  very  great  distance.  It 
commonly  consists  of  a  hollow  1 1)  e  of  metal,  narrower  at 
one  end  than  at  the  other;  it  is  terminated  by  a  part 
opened  out,  which  is  called  the  pavilion.  The  mouth 
being  applied  to  the  narrow  end  of  the  instrument,  there 
are  some  rays  conveyed  directly  down  the  tube  without 
experiencing  any  reflection  from  the  sides;  but  besides 
these  are  others,  which,  dispersed  on  all  sides,  are  reflected 
at  the  sides  of  the  tube  towards  the  axis,  and  combine  with 
the  others.  Thus  the  vibration  of  the  air  about  the  axis  is 
increased  by  the  two  sets  of  rays,  and  the  sound  is  propa- 
gated very  distinctly  in  the  direction  of  the  axis.  By 
means  of  this  instrument  sound  may  be  conveyed  to  very 
great  distances;  care,  however,  must  be  taken  to  pronounce 
the  words  slowly  and  distinctly,  or  the. sounds  will  be  con- 
fused. For  the  better  direction  of  the  rays  of  sound  along 
the  axis,  the  interior  of  the  tube,  close  to  the  mouth,  has  a 
parabolic  form,  the  mouth  being  in  the  focus;  the  rays 
then  which  start  from  the  fccus  and  fall  on  this  concave 
parabola  will  be  reflected  straight  down  the  tube.  The 
open  form  of  the  more  distant  part  reflects  also  in  the 
same  direction  the  rays  which  come  directly. 

There  are  many  other  instruments  and  contrivances  for 
increasing  the  sound  by  the  union  of  the  vibrations  of 
direct  and  reflected  waves,  and  for  conveying  sounds  to 
places,  whence  they  may  issue  as  by  some  magic;  but  they 
are  all  illustrations  of  the  preceding  laws.  The  construc- 
tion of  the  ear  trumpet,  by  which  sounds  are  to  be  collected, 
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SO  that  a  deaf  person  may  be  sensible  of  an  ordinary  sounds 
or  a  good  ear  may  be  enabled  to  catch  a  low  whisper,  is  at 
once  intelligible  on  the  preceding  principles. 

129.  Thunder, — The  rolling  of  thunder,  and  its  sudden 
and  capricious  bursts,  may  be  explained  on  the  preceding 
principles.  It  appears  that  under  a  perfectly  clear  sky 
the  explosion  of  a  cannon  is  always  heard  single  and 
sharp ;  but  that  when  the  sky  is  overcast  there  will  fre- 
quently be  a  long  continued  roll,  and  sometimes  a  double 
sound  from  each  shot.  Thus^  the  rolling  of  thunder  may 
be  considered  as  a  continuous  series  of  echos  from  different 
parts  of  the  dense  clouds  which  accompany  a  thunder 
storm.  There  is  also  another  cause.  The  transmission  of 
electricity^  like  that  of  light,  is,  for  all  distances  with  which 
we  have  to  deal,  instantaneous.  The  sound  then  will  be 
generated  at  the  same  instant,  through  many  miles  of 
cloudy  but  the  sound  will  not  in  general  reach  our  ears  at 
one  instant;  it  will  arrive  successively  from  successive 
points ;  hence  there  will  be  a  continuous  peal  or  roll  of 
thunder.  When  the  sound  arrives  from  any  number  of 
points  at  the  same  instant,  there  is  a  fearful  clap,  or  single 
burst ;  but  in  ordinary  cases  the  sound  is  continuous,  aug- 
mented at  different  intervals  by  echos,  so  as  to  cause  all 
those  variations  of  sound  which  add  so  much  to  the  gran- 
deur of  the  scene. 

130.  The  Ear, — Soupd^  considered  in  the  organ  which 
receives  it,  is  a  motion  of  vibration  communicated  to 
the  different  ramifications  of  a  nerve,  which  enters  into  the 
ear,  and  which  is  calleil  the  auditory  nerve :  this  commu- 
nication is  made  by  means  which  merit  our  attention. 
The  Creator  has  composed  the  organ  of  the  ear  of  a  great 
number  of  pieces  of  admirable  delicacy^  and  of  which  the 
uses  are  not  yet  understood.  The  ear  is  distinguished  into 
the  external  and  ititerrud  ear.  The  first  is  a  species  of 
natural  hearing  trumpet,  containing  in  its  sinuosities  a 
mass  of  air  proper  for  receiving,  preserving,  and  propa- 
gating, the  vibratory  motions  of  the  waves  of  sound.     The 


204  ELEMENTS   OP   PHYSICS.  CHAP.  VIII. 

in  some  detail,  since  the  whole  doctrine  of  harmonics,  and 
our  knowledge  of  the  vibration  of  bodies,  is  founded 
upon  it. 

1 32.  Toiies. — The  rapidity  with  which  the  impulses  are 
repeated,  or  the  duration  of  the  vibrations,  being  compared 
in  different  cases,  we  have  an  exact  comparison  of  sounds, 
or  a  means  of  estimating  what  is  meant  by  tones.  Tones 
are  distinguished  into  grave  and  acute ;  the  former  suppos- 
ing slow,  the  latter  rapid  vibrations  of  the  sounding  body. 
This  distinction  is,  to  a  certain  extent,  arbitrary,  since 
sounds  are  low  and  high  only  by  comparison ;  but  their 
essential  characteristics  depend  entirely  on  the  rapidity  of 
the  vibrations ;  as  may  be  easily  shewn.  Suppose  a  musical 
string,  as  a  metallic  wire,  stretched  between  two  points,  to 
be  lightly  pressed  or  struck,  and  then  left  to  itself;  it  ^yill 
make  oscillations  more  or  less  quick,  and  give  some  sound 
which  will  be  heard  at  a  greater  or  less  distance.  If  now 
the  string  be  struck  with  greater  force,  so  that  it  is  moved 
farther  from  its  original  position,  it  will  make  oscillations 
of  much  greater  extent  than  the  preceding,  but  of  pre- 
cisely the  same  duration ;  it  will  also  give  a  louder  sound, 
or  one  which  will  be  heard  to  a  greater  distance,  but  it 
will  have  the  same  tone  as  the  preceding;  so  that  the 
sound  emitted  by  a  musical  string  is  strong  or  feeble, 
according  to  the  extent  of  the  vibrations;  but  the  tone 
remains  the  same,  provided  the  time  of  the  vibrations  is 
unchanged.  A  string  once  struck,  continues  to  sound  for 
some  seconds,  and  during  the  whole  of  this  time  it  gives 
the  same  note ;  now  this  is  the  consequence  of  the 
isochronism  of  the  vibrations ;  the  extent  of  the  excur- 
sions is  constantly  changing,  but  the  time  of  each  excursion 
remains  unchanged. 

Suppose  now  that  the  string  is  stretched  with  a  greater 
force,  so  that  its  vibrations  are  more  rapid.  If  then  it  be 
struck  as  before,  the  sound  will  not  have  the  same  tone ;  it 
will  be  higher,  or  more  shrill.  Thus,  the  same  sounding 
body  will,  under  different  circumstances,  give  two  tones. 
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whereof  one  is  high  or  low,  compared  with  the  other. 
There  are  many   different  ways  of  illustrating  the  pre- 
ceding principles,  hy  the  production  of  a  regular  series  of 
impulses,  in  which  the  vihrations  have  different  times ;  and 
the  experiments  of  M.  Savart  are  among  the  most  remark- 
able.    He  made  a  wheel  of  about  nine  inches  in  diameter, 
having  three  hundred  and  sixty  teeth  set  at  equal  distances 
apart  on  its  rim,  revolve  rapidly ;  each  of  these  teeth  striking 
in  succession  on  a  piece  of  card.     The  tone  was  unchanged 
so  long  as  the  velocity  of  rotation  remained  the  same,  but 
increased  in  pitch  with  the  rapidity  of  the  rotation.     From 
experiments  of  this  kind  it  appears  that  there  are  limits  to 
the  human  ear;   the  impulses  may  he  too  few  or  too 
numerous;  when  they  are  less  than  about  sixteen  a  second 
the  continuity  of  the  sound  is  lost,  and  when  their  fre- 
quency exceeds  a  certain  limit  all  sense  of  pitch  is  lost: 
many  individuals,  not  the  least  deaf  in  all  other  respects, 
are  altogether  insensible  to  sounds  which  are  painfully 
acute  to  others.     The  explanation  of  this  phenomenon  is 
derived  from  the  consideration  that  the  impulses  lose  in 
intensity  more  than  they  gain  in  number,  and  thus  the 
sound  grows  more  and  more  feeble,  till  our  organs  can  no 
longer  detect  it ;  or  it  may  be,  that  the  parts  of  the  ear 
put  in  vibration  by  the  aerial  vibrations,  can  respond  only 
to  a  linuted  number  of  impulses  in  a  given  time,  and  that 
this  limit  may  be  different  for  organs  of  different  construc- 
tion.   We  may  imagine  that  animals,  whose  powers  appear 
to  commence  nearly  where  ours  terminate,  may  have  the 
faculty  of  hearing  still  sharper  sounds,  which  we  do  not 
even  know  to  exist;  thus  there  may  be  distinct  sounds 
and  but  one  medium  of  $ound,  for  different  parts  of  crea- 
tion ;  so  that  there  may  be  whole  classes  of  animals  having 
no  sound  in    common;    the  shrimp  and  the  whale,  for 
instance,  may  have  no  sound  in  common. 

133.  Laws  of  mhratory  Sirhigs, — When  a  musical 
string  is  made  to  sound,  the  vibrations  which  it  performs 
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are  far  too  rapid  to  be  counted  or  ascertained  by  any  direct 
means ;  there  is  also  a  constant  relation  subsisting  between 
the  number  of  vibrations^  the  time  of  each,  the  length  of 
the  strings  and  the  nature  of  the  sound.  These  pheno- 
mena, which  may  be  readily  exhibited  by  experiment,  can 
only  be  reduced  to  laws  by  the  assistance  of  mathematical 
reasoning;  we  shall  therefore  briefly  state  the  results  of 
theory,  and  shew  how  the  laws  may  be  verified. 

I*^.  *  The  number  of  vibrations  in  a  given  time  varies 
inversely  as  the  length  of  the  string.'  Thus,  suppose  a 
string  of  a  given  length  vibrate  ten  times  in  a  second,  then 
«  string  of  double  the  length  will  vibrate  orAy  five  times, 
and  one  of  half  the  length  will  vibrate  twenty  times.  If 
the  string  of  a  violin,  guitar,  ^r  any  other  instrument, 
make  a  number  of  vibrations,  which  we  will  call  unity,  in 
a  given  time ;  it  will  make  2,  3,  4,  &c.  in  the  same  time 
when,  without  changing  the  tension  of  the  string,  we  make 
a  portion  ^,  ^,  4>  &c.  of  it  vibrate.  It  will  make  a  number 
of  vibrations  which  will  be  represented  by  f ,  f ,  f ,  &c.,  if 
we  make  a  portion  §,  ^,  ^,  &c.  of  its  length  vibrate.  The 
vibrating  portion  may  be  made  of  any  length  by  placing  a 
piece  of  wood,  as  a  bridge,  under  the  string  at  the  required 
distance,  and  pressing  the  string  down  upon  it  with  the 
finger. 

2°.  *  The  number  of  vibrations  are  proportional  to  the 
square  roots  of  the  weights  by  which  the  strings  are 
stretched.'  Thus,  if  unity  represent  the  number  of  vibra- 
tions of  a  string  which  is  stretched  by  a  force  equal  to  a 
weight  of  (me  pound,  the  number  of  vibrations  will  become 
.  2,  3,  4,  when,  without  changing  the  length  of  the  string, 
it  is  stretched  by  forces  equal  to  the  weights  4,  9,  16, 
pounds. 

3°.  ^The  times  of  vibration  of  different  strings  are  as 
their  lengths  directly,  and  the  square  roots  of  the  tending 
forces  inversely.'  Thus,  if  a  string  of  a  given  length  vibrate 
in  mie  second,  one  of  double  the  length  will  take  two 
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seconds^  the  force  by  which  it  is  stretched  being  the  same  j 
but  if  the  force  with  which  it  is  stretched  be  quadrupled^ 
the  time  of  vibration  will  be  oit£-Aa(^  a  second. 

The  number  of  vibrations  will  also  depend  on  the  thick* 
ness  and  density  of  the  strings^  being  much  less  in  thick 
and  heavy  strings  than  in  thin  and  light  ones.  These 
laws  are  at  once  illustrated  in  the  violin.  The  bass  string 
is  thick  and  very  heavy,  being  covered  with  metallic  wire, 
and  the  others  gradually  diminish  up  to  the  treble.  The 
strings  are  also  of  different  lengths,  and  are  tuned  by  an 
increase  or  diminution  of  tension.  The  vibratory  lengths 
of  the  strings  and  their  tensions  may  also  be  altered  by  the 
action  of  the  fingers  pressing  them  at  different  points 
against  the  board.  In  every  stringed  instrument  the  tones 
depend  on  the  preceding  laws^  and  may  be  modified  in 
some  similar  manner^  so  as  to  counteract  the  various 
changes  to  which  the  strings  are  subject  from  variations  in 
temperature,  and  in  the  state  of  the  atmosphere  as  to  dry- 
ness or  moisture. 

1 34.  Unison. — We  have  already  seen  that  the  number  of 
the  vibrations  performed  in  a  given  time  determines  that 
most  essential  character  of  a  musical  sound,  which  is  termed 
the  pitch.  When  the  vibrations  of  two,  or  of  any  number 
of  strings  are  performed  in  exactly  the  same  time,  whatr 
ever  difference  may  exist  in  the  quality  or  intensity  of 
their  sounds,  the  strings  are  said  to  be  in  unison.  Ouf 
minds  are  so  constituted  that  one  set  of  vibrations  occurring 
as  frequently  as  another,  irresistibly  impresses  us  with  the 
conviction  of  their  sinularity  or  identity,  and  the  strings 
are  consequently  said  to  sound  the  same  note.  From  this 
fact  we  may  learn  that  the  rapidity  of  the  impulse  stamps 
the  character  of  the  sound ;  that  when  two  impulses  occur 
with  equal  frequency  the  mind  cannot  distinguish  them, 
but  they  are  blended  together  and  form  a  compound  im- 
pulse, differing  in  intensity  and  quality  from  its  con- 
stituents, but  not  in  the  frequency  of  its  recurrence ;  and 
that,  consequently,  the  ear  will  pronounce  it  of  the  ^aitie 
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pitchy  though  differing  in  some  other  respects  from  any 
of  the  single  notes. 

135.  Concords  and  Discords. — When  two  strings  are 
vibrating  together  in  different  times,  or  not  in  unison^  the 
ear  can  distinctly  perceive  the  note  of  both ;  but  besides 
these  two  separate  notes,  there  will  be  an  impression  from 
the  two  jointly,  very  different  from  that  which  it  receives 
from  either  of  them  separately,  and  which  leads  to  some 
curious  considerations.  This  impression  is  sometimes  most 
agreeable^  at  others  harsh  and  grating,  and  according  to 
these  sensations  the  sounds  are  said  to  be  in  concordance 
or  discordance.  But  the  remarkable  fact  is,  that  this  im- 
pression of  concord  will  be  experienced  whenever  the  num- 
ber of  vibrations  of  the  individual  notes  are  in  some  near 
relation  to  each  other,  as  1  to  2^  1  to  3,  2  to  3^  &c.,  that 
28,  where  one  string  makes  two,  three,  or  four  vibrations^ 
while  the  other  makes  one,  or  accomplishes  three  while  the 
other  accomplishes  two  or  four;  and  the  concord  is  the 
more  perfect  and  pleasing  the  lower  the  terms  of  these 
ratios  are.  But  if  on  the  contrary  the  times  of  vibration, 
or  number  of  vibrations  in  a  given  time,  have  not  a  low 
numerical  ratio  to  each  other,  but  one  in  which  the  terms 
are  considerable,  as  8  to  15,  that  is,  one  string  executing 
fifteen  vibrations  while  the  other  executes  only  eight,  then 
there  is  a  discord,  the  impression  on  the  ear  is  harsh  and 
disagreeable. 

The  whole  of  harmony  consists  in  following  out  these 
laws;  any  combinations  of  sounds  which  violate  them 
cannot  be  agreeable.  The  pleasure  of  these  harmonious 
sounds  depends,  according  to  Dr.  Young,  on  a  love  of 
order  and  a  predilection  for  a  regular  recurrence  of  sensa- 
tions, primitively  implanted  in  the  human  mind.  Hence, 
when  two  sounds  occur  together,  those  proportions  are 
most  satisfactory  to  the  ear  which  exhibit  a  recurrence  of  a 
more  or  less  perfect  coincidence  at  the  shortest  intervals. 
This  same  constitution  of  the  human  mind  which  fits  it  for 
the  perception  of  harmony,  appears  also  to  be  the  cause  of 
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the  love  of  rhythm,  or  of  a  regular  succession  of  any  im- 
pressions whatever,  at  equal  intervals  of  time.  And  a 
great  part  of  the  pleasure  of  dancing  is  derived  from  the 
recurrence  of  sensations  and  actions  at  regular  periods  of 
time.* 

1 36.  Musical  Scale,^-^The  unison,  that  is^  the  note  from 
strings  whose  vibrations  have  the  ratio  1  to  1,  is  the  most' 
simple  concord;  next  to  this  is  the  concord  in  which  the 
vibrations  are  as  2  to  1 ;  or  when  one  string  performs  tw^ 
vibrations  for  each  single  one  of  the  other ;  which  will,  as' 
ive  have  seen,  be  the  case  when  one  string  is  half  the' 
length  of  the  other.  This  concord  is  termed  an  octave. 
The  highness  or  lowness  of  a  note  depends  on  the  rapidity 
of  the  vibrations :  having  fixed  on  some  one  tone  we  may ' 
have  an  octave  higher^  that  is^  a  note  in  which  the  vibite- 
tions  are  twice  as  fast,  or  an  octave  lower,  that  is,  a  note  la 
which  the  vibrations  are  half  as  fast.  Thus  the  musical 
scale  may  be  extended  each  way  by  a  repetition  of  similar 
octaves,  in  each  of  which  the  vibrations  are  twice  as  many 
as  in  the  octave  below,  and  half  as  many  as  in  the  octave 
above. 

The  human  voice  in  attempting  to  rise  from  one  octave 
to  the  next,  proceeds  naturally  by  a  regular  series  of  steps, 
as  it  were,  or  succession  of  sounds.  This  natural  series  of 
sounds  constitutes  the  scale  of  music,  which  has  been 
adopted  by  all  nations  in  all  ages.  The  series  of  sounds,^ 
from  the  lowest  to  the  highest,  which  we  are  capable  of 
detecting,  consists  of  an  infinite  number  of  sounds ;  but  tto 
natural  feelings  of  the  voice  and  the  ear  being  consulted,^ 
we  have  the  whole  series  formed  into  periods  of  sevea 
sounds,  such  that,  starting  from  the  lowest,  if  the  1'^  and 
the  S^^  be  sounded  together,  they  will  be  so  confounded 
that  an  ordinary  ear  will  distinguish  but  one  sound.  The 
same  will  be  the  case  with  the  2°^  and  9^^;  the  3^  and 

*  See  Nat,  Phil,  Lecture  xxxiii*  ' 
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10  9  and  so  on.  Each  of  these  periods  being  an  octave, 
we  may,  in  conformity  with  the  preceding  principles, 
assign  to  each  note  of  this  scale  the  length  of  the  strings 
and  the  number  of  vibrations  which  correspond  to  it. 

Suppose  then  that  we  have  a  musical  string  stretched  in 
the  usual  manner,  and  made  to  vibrate.  Let  its  sound  be 
called  the  lowest  or  fundamental  note,  and  let  the  number 
of  its  vibrations  be  unity,  and  its  length  be  unity.  Then 
the  octave  higher  being  sounded,  the  number  of  vibrations 
will  be  expressed  by  2,  and  the  length  of  the  string  conse- 
quently by  ^.  The  intermediate  notes  being  sounded  we 
may  measure  the  length  of  the  string,  and  the  number 
of  vibrations  being  inversely  as  the  length,  will  conse- 
quently be  known.  The  following  table  shews  at  once 
the  respective  designations  of  the  notes  of  an  octave,  the 
lengths  of  the  strings,  and  the  number  of  vibrations. 


English  characters .... 
Continental  sounds. .  . . 
Length  of  strings 

Number  of  vibrations  . . 


c 

D 

E 

p 

G 

A 

B 

c 

ut 

ri 

mi 

/« 

sol 

la 

si 

ut 

1 

s 

^ 

1 

i 

i 

^ 

i 

1 

§ 

i 

1 

f 

i 

¥ 

2 

137.  Beats. — The  phenomena  of  beats  in  music  furnish 
us  with  most  direct  proofs  of  the  interference  of  sound. 
The  transmission  of  sound  being  by  undulations,  we  may 
conceive  two  undulations  to  exist  exactly  similar,  and  to 
produce  simultaneous  impulses  in  the  same  direction,  so 
that  the  effect  on  the  ear  will  be  double  what  either  would 
have  produced  separately.  Here  one  sound  wave  is  aug- 
mented by  the  addition  of  another.  But  we  may  also 
readily  conceive  cases  in  which  one  sound  wave  may 
interfere  with,  that  is,  diminish  the  effect  of  another,  so 
that  the  resulting  effect  on  the  ear  is  less  than  either 
would  have  produced  had  it  alone  existed.  For  suppose 
two  disturbances  propagated  in  air  to  travel  in  the  same 
direction  along  the  same  line ;  it  may  so  happen  that  the 
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series  of  particles  situated  along  the  line  are  solicited  in 
opposite  directions  at  the  same  instant^  hy  one  wave  in  one 
direction,  and  by  the  other  in  the  contrary  direction ;  the 
wave  then  which  the  combined  motion  would  transmit  will 
undergo  considerable  modification  from  this  action.  And 
it  may  even  happen  that  the  motions  of  the  particles  are 
absolutely  destroyed,  and  consequently^  that  no  wave  will 
be  propagated,  or  no  sound  come  to  the  ear.  Of  this 
several  remarkable  instances  occur  in  the  vibration  of  mu- 
sical strings^  and  in  other  cases. 

Suppose  two  strings  to  be  so  nearly  in  unison  that  one 
performs  100  vibrations  while  the  other  performs  lOh 
Their  first  few  vibrations  will  conspire  and  produce  a 
sound  wave,  such  that  the  effect  on  the  earSvill  be  double. 
But  at  the  50^  vibration  one  string  will  be  half  a  vibration 
in  advance  of  the  other,  that  is,  the  motions  of  the 
strings  will  be  at  this  instant  in  exactly  opposite  direc- 
tions, and  consequently  the  motion  of  the  aerial  particles 
in  the  two  waves,  one  of  which  is  produced  by  each  string, 
wiU  not  be  in  the  same,  but  in  opposite  directions ;  and  the 
two  waves  being  supposed  exactly  equal,  they  will  interfere 
and  exactly  destroy  each  other.  At  this  instant  then  the 
ear  can  receive  no  sound.  The  same  will  be  partially  the 
case  for  many  vibrations  on  each  side  of  the  50^;  there 
will  then  be  a  general  decay  of  sound  up  to  this  point, 
and  it  will  gradually  increase  up  to  the  100^,  when 
one  string  having  gained  ane  vibration  on  the  other,  the 
motions  of  the  particles  will  be  exactly  in  the  same  direc- 
tion, and  the  sound  wave  will  consequently  be  double. 

The  general  effect  on  the  ear  then  resulting  from  two 
such  strings  will  be  an  intermitting  sound,  alternately 
loud  and  faint.  These  alternate  subsidences  and  aug- 
mentations of  sound  are  termed  by  musicians  beats.  The 
nearer  the  strings  are  in  unison  the  longer  will  be  the 
interval  between  the  beats;  and  perfect  harmony  consists 
in  the  complete  destruction  of  beats  by  tuning  the  strings 
to  unison.     If  the  notes  differ  much  from  each  other,  or 
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the  unison  be  very  defective,  these  alternations  cause  a  dis- 
agreeable rattle,  which  is  only  removed  by  preventing  the 
interference  of  opposite  waves. 

138.  Musical  Instruments. — The  laws  which  have  just 
been  so  fully  stated  with  respect  to  musical  sounds  and 
strings  will  be  at  once  recognised  in  all  musical  sounds  in 
whaitever  manner  produced.  In  the  bell,  for  instance^  or 
whenever  the  sound  originates  from  a  similar  cause,  the 
vibration  of  a  metallic  mass,  the  tone  depends  on  the 
rapidity  with  which  the  vibrations  are  executed^  and  on  its 
mass.  The  large  church  bell  gives  us  a  very  deep  low 
sounds  because  of  the  slowness  of  the  vibrations.  The 
liiass  of  metal  which  is  here  set  in  motion  may  be  con- 
sidered as  composed  of  circular  rings  of  different  diameters^ 
which,  when  separate,  would  perform  their  vibrations  in 
different  times,  but  which,  owing  to  their  connexion^  take 
a  mean  undulation  or  motion  of  vibration ;  the  size  of  the 
rings  enables  them  to  make  extended  excursions,  which 
being  executed  with  a  certain  slowness,  give  deepness  to 
the  resulting  tone.  But  in  a  small  bell  the  circular  zones 
are  incomparably  less;  their  vibrations  being  then  much 
less  extended  are  performed  in  less  time.  For  a  very 
deep  tone  there  must  be  a  mass  of  metal  and  a  consequent 
slowness  of  vibration ;  and  the  tone  will  be  higher  as  the 
metal  is  less,  and  the  rapidity  of  vi\)ration  greater.  Bells 
may  be  combined  so  as  to  have  the  natural  musical  rela- 
tions, and  thus  produce  harmonious  sounds. 

In  wind  instruments  the  sound  is  produced  by  the  vi- 
brations of  a'  column  of  air  contained  in  a  straight  or 
crooked  pipe,  and  having  openings  by  which  the  sound 
waves  can  diverge.  The  simplest  method  of  producing  a 
musical  note  from  a  column  of  air  is  by  blowing  across  the 
end  of  a  reed  or  pipe ;  the  edge  will  catch  some  of  the 
current,  and  diverting  it  downwards  will  produce  a  series 
of  alternate  condensations  and  rarefactions^  which  being 
reflected  at  the  closed  end  will  produce  a  musical  note. 
The  tone  emitted  by  a  pipe  depends  on  the  dimensions  of 
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the  contained  column,  as  well  as  on  the  magnitude  and 
form  of  the  orifice^  by  which  the  communication  is  ef- 
fected. The  tone  is  deeper  or  more  grave  when  the 
column  of  air  is  large  and  long,  and  becomes  higher  in 
proportion  as  it  is  shortened.  Thus  in  an  organ  there  are 
pipes  of  very  different  lengths.  In  a  flute  the  column  is 
lengthened  or  shortened,  by  closing  or  opening  the  holes, 
and  it  appears  both  from  theory  and  experiment  that  a 
tube  open  at  both  ends  gives  the  same  note  as  one  of  half 
the  length  whose  end  is  closed.  The  lowest  or  funda- 
mental note  being  sounded  by  blowing  steadily  across  a 
pipe,  if  the  blast  be  increased  the  note  will  start  up  an 
octave  higher ;  and  there  are  here,  as  well  as  in  vibrating 
strings,  limits  to  the  powers  of  the  ear;  or  vibrations 
which,  so  far  as  we  are  concerned,  are  as  if  they  did  not 
exist. 

Nearly  all  solid  bodies  have  a  note  peculiar  to  them- 
selves ;  particular  panes  in  the  window  will  rattle  to  par- 
ticular notes  of  an  organ ;  the  glasses  in  a  room  may  be  set 
in  vibration,  and  sometimes  broken,  by  singing  into  them ; 
each  portion  of  inanimate  matter  appears  to  have  some 
note  to  which  i];  responds.  It  is  from  a  principle  analo- 
gous to  this  that  the  sounding  boards  and  cases  of  instru- 
ments are  so  essential ;  the  vibrations  transmitted  directly 
or  through  the  air  to  these  substances  strengthen  the 
sound  of  the  instrument,  since  they  cause  larger  sound 
waves  than  could  be  generated  by  the  single  strings.  The 
co-existence  of  vibrations,  their  isochronism  and  sym- 
pathy, and  all  the  phenomena  of  nodal  sections,  are  ques- 
tions into  which  we  cannot  possibly  enter;  but  enough  we 
hope  has  been  said  to  place  the  principal  phenomena  of 
sound  in  a  distinct  point  of  view,  and  to  establish  the 
general  laws  of  its  propagation. 
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CHAPTER   IX. 

ON    HEAT. 


Section  I. 

IFRKLIMIN  A  RT    RIMA  RKS — TEMPKB  ATURE TRE&MOMKTERS EX  PA  NSIOX 

or   80U0S COMPENSATION    PENDULUM — ILLUST&ATIONS. 

.  139.  The  phenomena  and  laws  of  gravity  having  been 
consideredy  those  of  heat  are  unquestionably  the  most 
universal.  Its  agency  is  to  be  recognised  every  where, 
tcod  has  been  already  alluded  to  as  the  probable  cause  of 
the  three  different  states^  as  solid,  liquid,  or  gaseous,  in 
which  matter  may  exist.  Of  this  important  agent  we 
propose  to  treat  in  the  present  chapter ;  and  that  the  stu- 
dent may  not  be  embarrassed  by  any  unnecessary  diffi- 
eulties,  we  shall  defer  for  the  present  all  hypothesis 
respecting  the  nature  of  heat,  and  commence  with  the 
phenomena  which  present  themselves  naturally  for  every 
one's  consideration. 

Every  substance  in  nature  is  capable  of  exciting  or  pro- 
ducing in  us  those  peculiar  sensations  to  which  the  terms 
heat  and  cold  have  been  applied.  These  sensations  may 
be  produced  either  by  what  we  consider  immediate  contact, 
or  at  great  distances,  and  their  peculiar .  character  forbids 
our  considering  the  particles  of  mere  matter  as  the  cause. 
We  readily  admit  that  it  is  not  the  material  particles  of 
the  coals  composing  the  fire  which  reach  and  warm  us,  or 
the  constituent  matter  of  the  sun,  which  by  its  action  on 
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our  bodies  produces  the  sensation  of  heat,  and  on  our  eyes 
the  sensations  referred  to  light  There  is  then  an  agents 
distinct  from  the  peculiar  substance  of  the  body^  residing 
in  their  masses^  transmitting  itself  to  great  distances,  and 
establishing  betwixt  us  and  it  a  continual  communica- 
tion ;  which  agent  is  the  cause  of  the  sensations  we  ex- 
perience. This  unknown  agent  has  received  different 
names;  it  is  sometimes  called  heat,  thereby  confounding 
cause  and  effect.  This,  however,  in  general,  leads  to  no 
confusion ;  but  the  term  caloric  may  be  used  specifically  for 
the  agent,  while  the  term  heat  is  confined  to  designate  the 
science  which  treats  of  the  properties,  the  effects,  and 
the  laws,  of  caloric  It  is  not  necessary  rigidly  to  ob- 
serve these  distinctions;  and  in  the  following  pages  we 
shall,  in  conformity  to  the  more  established  usage^  continue 
to  employ  the  word  heat,  both  with  reference  to  the  cause 
and  the  effect ;  the  preceding  explanati(m  will  preclude 
any  misapprehension  which  might  arise  in  the  mind  of 
the  student  from  this  apparent  confusion  in  terms. 

Of  the  effect  and  influence  of  heat  on  our  own  organised 
bodies  we  are  perfectly  sensible ;  but  it  likewise  acts  on  all 
inorganic  substances.  Ice  melts,  water  boils,  iron  becomes 
red  hot  and  passes  into  a  fluid  state ;  these  and  many  other 
phenomena  iiave  necessarily  a  cause,  and  our  senses  inform 
us  that  this  cause  is  caloric.  There  exists  such  a  corre- 
spondence, such  a  simultaneous  action,  between  the  modifica- 
tions of  these  substances  and  the  changes  in  our  sensations, 
that  we  feel  no  hesitation  in  forming  this  opinion.  These 
considerations  enable  us  at  once  to  class  the  plxenomena, 
and  they  may  be  referred  to  the  following  heads :  the  phy- 
sical effects  of  heat,  as  shewn  in  the  dilatation  and  change 
of  state  of  substances ;  the  propagation  of  heat ;  the  quan- 
tity of  heat  which  substances  contain ;  and  the  production 
of  heat  and  cold. 

140.  Temperature.— AH  bodies  can  produce  in  us  the 
sensation  of  heat  or  cold,  and  the  d^ee  of  heat  or  of  cold 
produced  is  to  a  certain  extent  an  indication  of  the  state  of 
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the  body  with  respect  to  heat.  This  state  of  the  body  is 
expressed  by  the  word  temperature.  Let  us  suppose  that 
all  the  bodies  in  the^room  produce  the  same  sensation  of 
heat  or  cold  on  touching  them ;  let  the  circumstances  be 
changed^  as  by  the  introduction  of  a  hot  body ;  the  sub- 
stances will  now  all  give  the  sensation  of  greater  heat  or 
less  cold,  that  is,  their  state  with  reference  to  heat  or  their 
temperature  is  changed,  being  raised  in  this  instance. 
Thus,  whenever  from  any  change  of  circumstances  there  is 
a  gain  or  a  loss  of  heat,  the  temperature  is  said  to  be  higher 
or  lower.  In  the  preceding  we  have  referred  to  our  sensa- 
tions as  the  test ;  for  it  is  from  these  that  all  our  know- 
ledge originally  comes ;  but,  from  causes  to  be  hereafter 
mentioned,  though  they  are  admirable  indicators  of  the 
existence  of  certain  changes,  yet  they  indicate  most  inaccu- 
rately the  sensible  amount  of  those  changes ;  they  enable 
us  to  say  at  two  successive  instants  that  this  body  is  gaining 
or  losing  heat,  but  they  will  lead  us  into  the  greatest  errors 
if  we  attempt  by  comparing  two  sensations  separated  by 
any  interval,  to  deduce  from  them  any  information  respect- 
ing the  intensity  of  the  cause  which  is  in  action.  Recourse 
must  therefore  be  had  to  some  of  the  uniform  changes 
which  heat  produces^  and  among  these  none  are  so  easily 
observed,  or  so  accurately  measured,  as  the  change  in 
volume.  All  bodies  dilate  when  heat  is  added  to  them, 
that  is,  when  the  temperature  increases ;  and  contract 
when  heat  is  taken  from  them,  that  is,  when  their  tem- 
perature diminishes ;  and  return  to  the  same  volume  under 
the  same  degrees  of  heat.  Various  instruments  have  been 
contrived  for  this  purpose,  and  called  thermometers;  an 
explanation  of  some  of  which  will  fully  illustrate  the  pre- 
ceding remarks. 

141.  Thermometers. — Certain  substances  are  preferable 
to  others  for  the  purpose  of  measuring  degrees  of  heat ;  and 
the  circumstances  to  which  they  are  to  be  applied  will  at 
once  point  out  which  can  best  be  used.  Solids,  for  in- 
stance, dilate  very  little,  so  that  small  changes  in  tern- 
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perature  would  not  make  any  sensible  difference  in  their 
volume ;  hence  they  are  only  used  when  great  degrees  of 
heat  are  to  be  measured.  Ghises,  on  the  contrary,  undergo 
very  great  changes  of  volume  for  small  degrees  of  heat ; 
hence^  they  are  peculiarly  adapted  for  measuring  those 
small  changes  which  a  solid  would  never  indicate.  But 
liquids  occupy  an  intermediate  rank,  they  dilate  more  than 
solids^  and  less  than  gases,  and  can  be  enclosed  in  vessels 
of  the  shape  best  adapted  for  observing  variations  in 
their  volume ;  these  are  consequently  most  used  for  mea- 
suring ordinary  variations  of  temperature.  Any  liquid 
will  do  for  this  purpose,  but  some  are  nuich  preferable  to 
others ;  uniformity  of  expansion  is  the  great  point  to  be 
gained,  and  mercury  possesses  this  in  a  remarkable  degree. 
For  all  ordinary  temperatures^  that  is,  from  the  boiling  to 
the  freezing  point,  its  expansion  is  remarkably  regular  and 
uniform  ;  and  even  beyond  these  points  its  indications  may 
be  relied  on.  But  when  intense  cold  is  to  be  observed, 
spirits  of  wine,  or  pure  alcohol,  must  be  used,  since  it 
retains  its  fluidity  under  all  circumstances,  whereas  mer- 
cury sometimes  freezes.  But  alcohol  cannot  be  used  to 
measure  heat  since  it  boils  very  readily.  Thus  we  see 
that  mercury  is  the  liquid  best  adapted  for  ordinary  pur- 
poses ;  we  shall  therefore  briefly  shew  how  it  can  be  best 
applied  for  this  purpose. 

142.  Common  Mercurial  Thermometer, — The         A 
accompanying  figure  represents  the  common  ther- 
mometer, in  which  the  mercury  fills  the  bulb  b 
and  part  of  the  st^m  a  b  to  a  point  c.     The  stem 
is  a  tube  of  exceedingly  small  bore,  and  the  height 
at  which  the  mercury  stands  in  this  stem  will 
depend  on  the  temperature.     For  if  the  bulb  b       ^ 
be  warmed,  the  mercury  in  its  interior  will  ex- 
pand and  rise  up  the  tube ;  and  when  the  bulb  is     "  O 
cooled  it  will  contract ;  the  bulb,  consequently,  will 
be  able  to  hold  some  of  that  in  the  tube,  and  the  mercury 
will  consequently  descend.    Thus,  variations  in  tempera* 
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ture  produce  corresponding  variations  in  the  volume  of  the 
liquid^  which  are,  by  this  contrivance,  immediately  observ- 
able. The  diameter  of  the  tube  is  very  small  compared 
with  the  diameter  of  the  bulb ;  hence  the  slightest  vari- 
ation in  the  volume  of  the  mercury  in  the  bulb  produces  a 
great  and  sensible  variation  in  the  height  of  the  column. 
Whenever  a  thermometer  stands  at  the  same  pcHnt,  that  is, 
when  the  mercury  is  at  the  same  state  of  volume,  the 
temperature  is  the  same.  If  another  thermometer  be  ob- 
jserved,  the  two  will  rise  and  fall  together,  but  the  amount 
of  this  rise  and  fall  may  be  very  different.  If  the  bulbs 
are  exactly  the  same  size,  and  the  stems  of  exactly  the 
same  diameter,  then  wiU  the  rise  and  fall  be  exactly  equal 
in  the  two ;  but  if  there  be  the  slightest  difference,  and  it 
is  impossible  to  conceive  two  exactly  alike,  the  amount  of  rise 
and  fall  will  be  very  different.  Thus,  suppose  the  bulb  of 
one  to  contain  twice  as  much  mercury  as  the  bulb  of  the 
other,  the  diameters  of  their  stems  being  equal;  then  if 
the  mercury  in  each  bulb  is  increased  by  the  same  fraction 
of  its  volume,  the  one  will  be  twice  as  much  increased  as 
the  other;  hence  the  one  will  rise  twice  as  much  in  the 
tube  as  the  other.  But  all  this  dij£culty,  apparently  so 
insuperable,  is  removed  by  the  graduation,  which  enables 
us  to  express  the  changes  by  numbers,  and  thus  to  com- 
pare different  temperatures  under  different  circumstances, 
and  so  ascertain  some  of  the  laws  of  heat. 

143.  Graduation, — The  principle  of  the  graduation  of 
thermometers  depends  on  the  fact,  that  there  are  certain 
phenomena  which  invariably  present  themselves  at  the 
same  temperature.  Thus,  if  the  bulb  of  a  thermometer  be 
held  in  the  palm  of  the  hand,  it  will  be  seen  to  rise,  more  or 
less,  according  to  the  temperature  of  the  hand.  But  if  it  be 
held  for  some  time,  the  hand  being  tightly  closed  about  it, 
the  mercury  will  rise  very  slowly  to  a  certain  point,  con- 
tinue at  this  point,  and  never  pass  it.  At  all  seasons,  in 
all  climates,  and  in  the  hands  of  all  individuals,  it  will 
stop  at  the  same  point,  or  very  nearly.     Thus  the  tem- 
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perature  of  the  human  body  is  a  constant  temperature,  it 
affords  a  fixed  point  which  may  be  taken  as  the  point  of 
starting  for  the  numerical  estimate  of  temperature.  There 
are^  however,  other  phenomena  which  are  more  accurately 
constant^  and  to  which  therefore  it  is  bett^  to  have 
recourse.  Thus  in  melting  ice  a  thermometer  returns 
always  exactly  to  the  same  pointy  whether  the  ice  be 
formed  artificially  or  naturally^  at  the  top  of  mountains, 
in  the  sea^  or  in  rivers ;  provided  the  ice  be  pure,  its  point  of 
fasion  is  a  point  perfectly  fixed.  The  same  holds  for  other 
substances,  as  iron,  lead^  wax^  &c.,  in  their  passage  from 
the  solid  to  the  fluid  state;  each  has  its  fixed  point  of 
fusion^  so  that  their  temperature  is  then  always  the  same. 

Boiling  water  presents  an  analagoiis  phenomenon ;  the 
water  having  once  arrived  at  the  point  when  ebullition 
commences^  however  much  the  fire  be  urged  the  ebul- 
lition will  proceed  more  rapidly,  but  the  water  will  not 
become  wanner;  the  thermometer  rests  perfectly  invari- 
able at  the  same  point.  Under  the  same  barometric  pres- 
sure (Art.  93),  in  all  parts  of  the  worlds  water  in  ebulli- 
tion will  give  the  same  fixed  point.  The  same  holds  for 
all  liquids  at  their  passage  from  a  state  of  liquid  to  a  state 
of  vapour ;  each  has  its  own  fixed  point,  which  is  invariable 
for  the  same  barometric  pressure. 

Conceive  now  that  two  fix^d  points  have  been  chosen, 
Tiz.  that  of  melting  ice  and  that  of  boiling  water.  The 
distance  between  these  two  jx)ints  may  be  divided  in  any 
manner;  thus  we  shall  have  an  arbitrary  scale  whereby  to 
compare  degrees  of  temperature  between  these  two  known 
points.  It  will  be  seen  that  the  actual  size  of  the  ther- 
mometer is  of  no  importance,  the  two  fixed  points  are  de- 
termined on  each,  and  the  intermediate  space  is  divided 
into  the  same  number  of  equal  divisions.  The  tempera- 
ture then  is  indicated  by  the  number  of  divisions  from  a 
given  point  without  any  reference  whatever  to  the  absolute 
magnitude  of  theto  divisions. 
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.144.  Construction  of  the  Thermometer*' — The  filling  a 
tube  so  that  it  may  l)e  used  as  a  thermometer^  requires 
several  simple  operations  easj  of  execution,  and  illustrative 
of  the  preceding  principles,  which  may  with  advantage  be 
briefly  detailed.     The  tube  must  be  preparecl>  filled  with 
mercury,  closed,  and  graduated.     The  tube  must  have  a 
uniform  bore^  otherwise  equal  lengths  will  not  contain 
equal  quantities  of  mercury.     This  is  readily  ascertained 
by  observing  whether  a  small  quantity  of  the  liquid  always 
occupies  the  same  length.     One  end  then,  being  blown  out 
into  a  bulb,  the  tube  is  com- 
plete.   To  introduce  the  mer- 
cury, the  bulb  and  stem  being 
warmed    so  as  to  dilate  the 
air,  the  open  end  is  suddenly 
plunged  into  a  basin  of  mer- 
cury, as  represented  in  the 
figure.     The  bulb  and  tube 
being  allowed  to  cool,  the  elas- 
ticity of  the  internal  air  is  di- 
minished, and  the  atmosphere  pressing  oa  the  surface,  c  b^ 
of  the  mercury  in  the  basin,  forces  it  up  the  tube  into  the 
bulb.    A  few  drops  of  mercury  being  thus  introduced  into 
the  bulb  B,  the  whole  is  again  heated,  so  that  the  mercury 
expanding  expels  the  air,  and  occupies  the  whole  tube. 
The  open  end  is  then  again  plunged  in  a  basin  of  mercury, 
and  as  the  tube  cools  more  mercury  is  forced  in  and  ea- 
tirely  fills  the  tube.     The  proper  quantity  having  been 
thus  introduced,  the  tube  is  again  warmed  so  as  to  expel 
all  the  air ;  and  when  the  mercury  first  rises  to  the  top  of 
the  stem,  the  orifice  is  closed  by  darting  the  fine  pointed 
flame  from  a  blow  pipe  across  the  end ;  the  glass  is  fused, 
and  the  end  completely  stopped.    To  graduate  the  stem, 
we  have  to  determine  the  two  fixed  points  of  melting 
ice  and  boiling  water.     The  thermometer  is  placed  as 
represented  in  the  figure  in  a   vessel   of  pounded   ice 
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or  snow.  The  sorrounding  temperature  being 
abov6  freezing,' the  ice  or  show  begins  to  thaw, 
and'  the  mei*cury  takes  a  fixed  position,  from ' 
which  it  does  not  stir  till  ttlt  the  ice  or  snow 
Is  ittelted.  This  thert  is  tfi'e  fir6e4irig  point. 
For  the  bdiling  pbint,  the  thermometer  is 
placi^d  with  its  bulb  in'  distilled  of  pure 
watef ;  the  'water  then-  being  made  to  boil, 
the  steam  or  vapour  rising  up  envelopes  the 
^tem  and  passes  rapidly  off.-  Soon  the  coli^mn 
arrives  at  a  fixed  point)  and  does  not  stir  so 
long  is  the  boiling  is  continued.  The  height  of  the  ba- 
roiiieter  must  \2ft  observed  during  this  operation,  since  the 
atmospheric  pressure  influences  the  temperature  at  which 
water  pr6tents  the  appearance  of'  boiling,  that  is,  the 
position  of  the  •  boiling  point;  These  two  points  then 
having  been  fixed,  the  intermediate  spade  is  to  be  divided, 
and  different  philosophei^  haveohbsen  different  divisions 
and  methods  of  numbering.  The  space  ill  Fahrenheit's 
thermometer  is  divided  into  180  equal  parts,  called  degrees ; 
the  freezing  point  is  called  32,  so  that  the  boiling  point  is 
marlced  212.'  In  the  centrigrade  thermometer  the  distance 
is' divided  into  100,  and  in  Reaumur  into  80;  in  both  these 
the  freezing  point  is  zero,  or  nothing,  so  that  the  boiling 
point  is  100,  in  the  one,  and  80  in  the  other.  The  mag- 
nitude of  each  division  hiaving  been  determined  in  this 
manner,  the  gradation  is  emended  both  ws^rs,  that  is, 
above  and'  below  the  boiling  and  freezing  points,  so  that 
the  scale  being  once  established,  higher  and  lower  tem- 
pefaturei  may  be  measured.  The  scale  of  Fahrenheit 
is  generally  used  in  this  country,  and  that  of  Reaumur  on 
the  continent ;  hence  it  is  desirable  to  be  aide  to  change 
the  numbers  of  one  scale  into  the  other  so  as  to  compare 
the  temperature. 

The  requisite  rules  may  be  deduced  at  once  by  a  simple 
proportion  according  to  the  division  which  has  been  adopted 
in  each  of  the  preceding  cases;  they  are  the  following. 

u2 
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To  convert  Fahrenheit  inta  Reaumur,  ^  Subtract  32"*  from< 
the  proposed  aamher,  and  multiply  the  remainder  by  ^  ;' 
the  result  will  be  the  corresponding  number,  of  degrees 
according  to  Reaumur's  division.  Thus,  suppose  that  the 
temperature  aa  shewn  according  to  Fahrenheit's  division  is 
TT"",  that  isy  77''  P.,  as  we  shall  generally  write  it ;  then 
subtracting  32|  the  remainder  is  45^  and  this  being  mul- 
tiplied by  ^  becomes  20 ;  the  same  temperature  therefore 
wbuld,  according  to  Reaumur's  division,  be  20""  R* 

To  convert  Reaumur  into  Fahrenheit,  'Multiply  the 
proposed  number  by  f  ,  that  is  2^,  and  to  the  result  add 
32 ;'  the  sum  is  the  number  of  degrees  according  to  the 
Fahrenheit  division ;  thus,  suppose  that  the  proposed  tem- 
perature is  24<*  R. ;  then  multipl3ring  24  by  f  the  result  is 
54;  and  adding  32>  their  sum  is  86;  the  same  temperature 
would  therefore  be  SG**  F.  according  to  Fahrenheit's  di- 
vision.^ Similar  rules  may  be  given  for  the  other  four 
cases,  but  it  is  not  necessary  to  dwell  upon  them. 

The  effects  of  the  increase  of  heat  in  expanding,  and  of 
its  diminution  in  contracting  liquids,  will  be  sufficiently 
apparent  from  the  preceding  remarks*  so  that  the  construc- 
tion of  a  thermometer  with  any  other  liquid,  as  alcohol,  may 
readily  be  conceived.  The  mercurial  thermometer  answers 
extremely  well  for  all  ordinary  temperatures;  as  we  ap- 
proach however  the  boiling  and  freezing  points  of  mer- 
cury, or  660°  above,  and  39°  below  the  zero  of  Fahrenheit, 
the  l^ws  of  expansion  and  contraction  no  longer  preserve 
t^eir  uniformity.  For  intense  cold  an  alcohol  thermo- 
ipeter  is  used.  The  effect  of  heat  and  the  methods  to  be 
adopted  for  its  measurement  will  be  sufficiently  illustrated 
in  the  following  articles. 
.   145.  DUataiion  of  Solids. — The  laws  which  the  con- 

*  All  the  six  rules  are  comprised  in  the  following  forjoouls': 
^(f°.  — 32)=iR°.  =  |;C^ 
for  the  proof  of  which  see  Principles  of  Hydrot$Qtieif.  A|%  189^ 
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traction  and  expansion  of  solids  follow  has  been  accurately 
ascertained^  and  made  subservient  to  many  useful  purposes. 
This  fact  will  be  rendered  apparent  by  the  simplest  experi- 
ments ;  a  piece  of  metal  which  accurately  fits  a  hole,  or 
goes  into  an  interstice>  will  not  be  aide  to  enter  when 
heated  i  and  again,  a  ring  which  fits  very  well  when  hot 
will  be  much  to6. small  when  it  has  become  cold.  Great 
use  is  made  of  this  property  in  the  hooping  of  casks,  and 
in  the  tiring  of  wheels.  The  hoop  or  tire  being  driven  on 
when  warm,  contracts  as  it  cools,  and  embraces  the  wood- 
work very  forcibly.  There  is  a  notable  instance  of  the 
application  of  this  principle  for  the  preservation  of  a  large 
building.  The  walls  of  the  Conservatoire  des  Arts  et 
Metiers  at  Paris  were  observed  to  bulge,  being  pushed  out 
by  the  roof.  Iron  bars  were  placed  across  the  building, 
and  the  walls  were  effectually  prevented  from  bulging  any 
farther  by  broad  plates  on  the  outside,  which  were  screwed 
up  on  the  ends  of  these  bars.  Every  alternate  bar  was 
then  heated  by  several  lamps  in  the  middle,  the  conse- 
quence of  which  being  an  increase  in  its  length,  the  plates 
were  no  longer  in  close  contact  with  the  exterior  walls ; 
the  plates  were  then  screwed  up  dose  to  the  wall,  and  the 
bars  being  allowed  to  cool  drew  the  walls  gradually  to- 
gether. The  others  were  then  heated,  and  the  same  efiect 
being  produced,  the  walls  were  brought  nearly  into  their 
vertical  position,  and  in  which  they  still  remain.  The 
variation  of  metals  for  every  variation  in  temperature  is 
an  inconceivable  perplexity  in  all  very  accurate  operations. 
Thus,  in  astronomical  instruments,  where  very  small 
variations  can  be  detected,  the  presence  of  a  candle 
will,  by  unequal  warming,  sometimes  cause  a  distortion, 
which  may  sensibly  affect  the  accuracy  of  the  obser-. 
vations. 

146.  Compensation  Pendulums. — The  object  which  the 
compensation  pendulum  is  designed  to  effect  having  beelT 
already  briefly  pointed  out  (Art.  56)^  we  shall  now  endea- 
vour to  make  intelligible  the  way  in  which  this  is  effected. 
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shiCe  it  furnished  a  good  practical  example  of  the  laws  of 
tli6  etpatnsion  Snfd  c^iMEfa^ion  of  solid  bodies  from  changes 
of temperatutf^.  In  thbacciompanying  figure 
the  point  of  6tiSpe)!i^l&i)f  is  supposed  to  be  at 
A^  and  the  bob  b  i^'sostained  directly  by  the 
rod  a  b,  which  c^n  move  through  a  hole  in 
c  D>  and  cohneoted  with -the 'point  a  of  sus- 
pension by  the  frame-work^  as  will  be  seen 
at  mice  from  the  figure.  Hie  outer  bars 
BO,  F  D,  are  of  iron;  when  these  expand 
they  lower  tbe^  piece  c  Dy  and  consequently 
the  bob.  The  innei*  bar^  at  c  and  af  are  of 
brass ;  when  these  expand  they  elevate  the 
piece  e  dy  and  consequently  the  point  a  and  the  bob ;  the 
suspension  bar  a  b  sliding  freely  through  a  hole  at  b. 
Now  since  brass  expands  more  than  iron,  the  depression  of 
B'jOiMisequent  on  the  expandon  of  the  longer  iron  bars  may 
Iw^exactly  counteralcted  by  the  elevation  of  b  consequent 
OB  the  expansion  of  the  shorter  brass  bars.  Thus  the 
eentreof  oscillation  of  the  whole  pendulum^  which  will  lie 
wilihin  the  bob^  may  be  kept  at  exactly  the  same  distance 
fcdm  the  .prant  of  .suspension^  notwithstanding  the  inces- 
sant variations  of  temperature  to  which  the  pendulum  is 
subject.   ■    •  .  . 

>  Another  application  of  the  same  principle  to  produce 
the.  same  effect  deserves  to  be  noticed.  Two  small  bars,  or 
strips  of  brass  and  iron,  as  nearly 
equal  as  can  be  promired,  are 
soldered  together,  or  £eu(tened 
to  .eadi  other  by  small  screws. 
The;  temperatures  being  raised* 
tfaft  brass  expands  cnore  than 
the  iron,  and  throws  the  com- 
pound  plate   into  t£e  curved 

lopm  which  is  represented  in  the  upper  figure.  The  tem- 
perature being,  krwered^  the  brass  contracts  more  than  the 
imn,  and  the  plate  takes  the  form  shewn  in  the  lower 
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figure.  If  now  the  pendulum  be  suspended  to  the  centre 
of  this  mass^  the  variations  in  the  position  of  the  centre  of 
oscillation  may  be  prevented ;  the  lengthening  or  shortem* 
ing  of  the  pendulum  rod  may  be  compensated  by  tbe 
upward  or  downward  flexure  of  the  plates. 

147.  Breguet's  Thermometer,^^ 
This  most  delicate  thermometer 
consists  of  a  ribbon  of  metal  wound 
into  a  spiral  form,  as  in  the  figure. 
The  spiral  is  attached  at  one  exr 
tremity  to  a  metal  support^  and 
carries  at  the  other  a  very  light 
needle,  which  points  to  a  gra- 
duated circle.  The  whole  is 
covered  by  a  bell  glass  to  guard 
it  against  currents  of  air  which 

would  agitate  it.  The  spiral  ribbon  is  composed  of  three 
metals^  silver^  gold^  and  platinum.  A  thin  bar  of  silver 
and  platinum  is  soldered  on  each  side  of  one  of  gold ;  the 
whole  is  then  rolled  out  into  an  inconceivable  thinness,  so 
that  it  takes  at  once  the  temperature  of  the  surrounding  air; 
From  the  unequal  dilation  of  the  silver  and  j^tinum  the 
spiral  twists  or  untwists  according  as  the  temperature  rises 
or  falls,  and  the  needle  obeying  these  motions  points  out 
the  degrees  of  change.  The  instrument  is  graduated  by 
comparing  the  motion  of  the  needle  with  the  changes  of  a 
delicate  mercurial  thermometer. 

148.  Pyrometers, '•^Thoae  instruments  which  can  be 
used  to  measure  high  temperatures  are  called  pyrometers; 
and  by  the  term  high  temperatures  we  generally  under- 
stand all  those  which  are  near  to,  or  above,  the  boiling 
point  of  mercury,  that  is,  above  66(h  F.  The  substances 
which  must  be  used  for  this  purpose  are  either  solid  or 
gaseous;  the  former  have  hitherto  been  employed  exclu- 
sively, though  the  great  uniformity  with  which  the  latter 
expand  renders  them  on  this  account  preferable.  The  action 
of  most  pyrometers  depends  on  the  elongation  of  a  metallic 
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bar  by  heat,  and  tlie  objections  to  which  they  are  liable 
arise  firom  the  difficulty  of  finding  a  metal  of  uniform  ex- 
pansibility, and  net  readily  fusible,  and  of  measuring  with 
accuracy  the  amount  of  the  expansion.     The  pyrometer  of 
Daniell  is  the  one  which  appears  best  adapted  for  general 
purposes  ;  it  consists  of  a  bar  of  platinum  inserted  in  a 
piece  of  black  lead  earthenware;  this  substance  expands 
less  rapidly  than  the  metal>  and  th^re  is  an  index  by  which 
the  difference  of  the  elongation  of  the  platinum  bar  and 
of  the  black  lead  case  which  contains  it  can  be  measured. 
The  bar  does  not  expand  quite  uniformly,  but  the  differ- 
ent degrees  of  elongation  funlish  a  good  practical  test  of 
the  relative  intensity  of  different  fires.     All  argillaceous 
substances  apparently  contract  at  first  on  being  exposed  to 
heat;  hence  the  earthenware  case  will  be  unfit  for  use 
until  it  has  been  well  baked  up  to  the  highest  temperature 
at  which  it  is  generally  used.     The  expansions  of  the  case 
will  then  be  exceedingly  small  for  the  increase  of  tem- 
perature. 

The  pyrometer  of  Wedgewood  acts  on  a  very  different 
principle,  namely,  the  property  which  has  been  already 
alluded  to  of  the  contraction  of  an  argillaceous  substance, 
as  the  water  becomes  gradually  dissipated  on  exposure  to 
high  temperatures.     The  contraction  continues  even  after 
every  trace  of  Water  has  been  removed,  in  consequence  of 
^le  partial  vitrifaction  which  takes   place,   and  tends  to 
bring  the  particles  into  greater  proximity.     This  contrac- 
tibn  will  furnish  us  with  some  measure  of  the  intensity  of 
the  heat.    There  must,  however,  be  a  different  piece  of 
clay  for  every  observation;  hence  no  accurate  comparison 
of  temperatures  can  be  establishdl,  and  recourse  is  at  pre- 
sent had  to  the  changes  produced  on  a  metallic  bar,  by 
which  comparative  changes  are  very  accurately  measured ; 
the  pyrometer  of  Daniell  being,  as  we  have  just  seen,  very 
well  adapted  for  this  purpose. 

149.  Illustrations. ^"^^f try  one  must  have  observed  the 
bteakage  of  glass  an^  porcelain  vessels  from  any  sudden 
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change  of  temperature;  this  is  entirely  due  to  unequal 
expansion  and  contraction^  as  may  be  ireadily  shewn. 
Glass  conducts  heat  so  slowly  that  one  mde  of  a  vessel  may 
become  much  heated,  and  consequently  expanded^  while  the 
other  remains  much  colder;  and  if  the  vessel  cannot  readily 
accommodate  its  form  to  this  change  of  proportions^  it  will 
most  certainly  crack;  the  colder  part  divides  in  conse- 
quence of  its  being  too  much  stretched  by  the  adjoining 
hot  parts.  Hence^  the  thinner  the  glass^  the  more  readily 
does  it  acquire  the  temperature,  and  the  less  liable  is  it  to 
crack  from  any  sudden  expansion;  and  if  it  be  very  thick 
it  must  cracky  for  no  flexure  which  it  can  assume  can  be 
sufficient  for  the  equilibrium  of  the  external  parts  without 
being  too  great  for  that  of  the  parts  near  the  middle. 

When  glass  in  fusion  is  suddenly  cooled>  its  external 
parts  become  solid  first,  and  determine  the  magnitude  <^ 
the  whole  piece.  The  internal  part  as  it  cools  is  disposed 
to  contract  still  farther,  but  its  contraction  is  prevented  by 
the  resistance  of  the  external  parts;  which  form  an  arch  or 
vault  round  it,  so  that  the  whole  is  left  in  a  state  of  con- 
straint, and  as  soon  as  the  equilibrium  is  destroyed  in  any 
one  part  the  whol^  mass  breaks  up.  Hence  it  becomes 
necessary  to  anneal  all  glass  by  placing  it  in  an  oven 
where  it  is  allowed  to  cool  slowly ;  for  without  this  prd* 
caution  a  very  slight  cause  would  destroy  it.  The  smaH 
glass  drops  called  Prince  Kupert^s  drops,  which  are  formed 
by  suffering  a  portion  of  green  glass  in  fusion  to  fall  into 
water,  remain  in  equilibrium  while  they  are  entire;  but 
when  the  small  projecting  part  is  broken,  off  the  whole 
rushes  together  with  great  force,  and  the  particles  re- 
bounding by  their  elasticity,  an  explosion  spears  to  have 
taken  place. 

The  tempering  of  metals  bears  considerable  analogy  to 
the  annealing  of  glass ;  when  they  are  made  red  hot  and 
suddenly  cooled  they  acquire  a  degree  of  hardness  which 
renders  them  useful  for  some  purposes,  bat,  owing  to  the 
accompanying  brittleness,  extremely  inconvenient  for  others. 
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By  heating  them  again  to  a  more  moderate  temperature^ 
and  suffering  them  to  cool  more  gradually,  they  are  ren- 
dered softer  and  more  flexible.  The  colours  which  appear 
at  the  surface  of  polished  iron  or  steel  serve  as  a  test  of  the 
degree  of  heat  which  is  applied  to  it ;  the  yellowish  colour 
indicates  the  first  stage  of  tempering,  the  violet  the  second^ 
and  the  blue  the  last:  and  if  the  heat  be  raised  until  the 
surface  becomes  grey,  the  steel  will  be  rendered  perfectly 
soft.  All  these  phenomena  appear  to  result  from  the  un- 
equal distributions  of  the  mutual  actions  of  the  particles ; 
but  it  would  be  useless  to  hazard  conjecture  on  these 
subjects. 

The  expansion  or  dilatation  of  all  bodies  for  an  increased 
temperature,  and  their  contraction  when  the  temperature 
is  diminished,  are  general  laws  of  all  matter,  and  any 
apparent  exceptions  arise  from  some  peculiar  circumstances 
which  may  readily  be  pointed  out.  For  instance,  some 
vegetable  and  animal  substances  contract  when  we  might 
expect  that  they  would  expand;  there  is  here  a  loss  of 
some  fluid  from  the  efiects  of  this  heat.  Similarly  moist 
earths  are  often  seen  to  contract ;  but  this  results  from  the 
fact  that  the  water  which  they  contain  passes  off  very 
rapidly  in  the  invisible  form  of  vapour,  so  that  the  con- 
traction from  drying  is  greater  than,  or  overbalances,  the  ex- 
pansion due  to  the  increased  temperature.  The  remarkable 
exception  to  this  law  in  water  has  been  already  noticed. 
For  about  eight  or  ten  degrees  from  the  freezing  point 
water  gradually  contracts  as  its  temperature  is  raised ;  but 
at  about  40°  F.  this  contraction  ceases,  and  it  expands  for 
every  additional  degree  of  temperature;  if  the  water  is 
cooled  from  a  temperature  above  40°  F.  the  phenomena  are 
exactly  the  converse ;  it  contracts  to  about  this  point,  when, 
on  lowering  the  temperature  farther,  it  begins  to  expand. 
These  phenomena  may  be  very  readily  observed  in  any 
thermometer  tube,  having  a  small  bore  and  large  bulb 
containing  water.  The  least  change  in  the  temperature 
will  occasion  a  most  sensible  variation  in  the  position  of 
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the  water  in  the  tube.  The  presence  «f  ah  j  foreign  sub^ 
stanee,  as  a  sak  in  any  liquid^  modifies  thi$  pteeeding 
phenomena ;  this  is^  evidently  to  he  referred  to  the'  change 
in  the  respective  positions  of  the  particles  which  always 
accompanies  a  change  of  state; 

One  most  important  consequence  resnltiiig  ^m  these 
laws  of 'fluids  is»  the  circulation  which  takes  place  4n 
consequence  of  the  change  in  the  specific  gravity  of  any 
substance  which  expands  or  contracts.  The  volume  or 
space  which  any  number  of  particles  occupy  being  changed^ 
they  rise  or  fall  according  as  the  mass  has  become  lighter 
or  heavier  than  the  bulk  of  the  fluid  displaced.  Hence  in 
every  mass  of  fluid  there  are  constant  currents  from  the 
changes  which  are  taking  place  in  the  temperature  of  cer- 
tain portions ;  in  the  great  ocean  of  the  atmosphere  masses 
of  air  will  always  be  ascending  and  descending,  according 
as  their  bulk  is  being  increased  or  diminished  from  the 
constant  changes  of  temperature  to  which  different  portions 
are  subject^  as  we  have  already  seen  in  speaking  of  the 
equilibrium  of  the  atmosphere. 

One  of  the  most  important  illustrations  of  the  preceding 
principles  is  that  i^rtiished  by  the  warming  and  ventilating 
of  our  dwelling-houses^  conservatories,  and  public  build- 
ings. Wa  have  already  seen  how  the  draught  of  a  large 
chimney  is  caused  by  the  dilatation  occasioned  by  heat  in 
the  long  colunih  of  air  which  it  contains ;  this  and  othei^ 
causes  give  rise  to  all  the  circulation  whidh  is  necessary 
that  a  room  may  be  ][)ropeTly  warmed  and  ventilated^ 
The  fire  cannot  bum  Without  a  coiistant  supply  of  fresh 
air^  and  all  this  takes  place  in  obedience  to  the  simple  la# 
that  a  light  fluid  will  rise  in  a  heavier;  the  atmosphei'e  of 
a  room  becomes  unwholesome  unless  the  air  can  be  con- 
stantly changed,  and  this  is  eflected  by  aflbhling  fkcilities 
for  the  operation  erf  the  preceding  law.  The  unwholesome 
air  rises  to  the  top  <tf  the  room  and  should  be  allowed  to 
escape  through  an  opening  in  the  ceiling.  The  art  of 
ven^ation  consists  in  properly  apportioning  the  requi* 
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site  supplies  of  fresh  air;  if  too  much  is  admitted  the 
room  hecomes  cooled  unnecessarily^  which  will  lead  to  a 
wasteful  expenditure  of  fuel ;  if  too  little,  the  room  feels 
close^  and  the  air  hecomes  unfit  for  healthy  respiration. 
On  the  details  of  this  great  question  we  cannot  enter ;  we 
have  alluded  to  it  only  with  the  view  of  impressing  on 
the  student's  attention  the  constant  applications  which 
exist  of  the  laws  of  nature  here  referred  to. 


Section  II. 

CHANGE    OF    STATX^ULTXNT    HEAT FREEZING    MIXTURES EBULLITION 

AND   EVAPORATION STEAM    ENGINE — LAWS    OF    VAPOUR MAXIMUM 

FUSION  — LIQUEFACTION    OF    GASES COLD    PRODUCED    BY   EVAPORA- 
TION. 

It  will  readily  be  admitted  that  fusion,  or  the  passage 
from  the  solid  to  the  fluid  state^  is  a  phenomenon  produced 
entirely  by  heat,  and  that  no  other  cause  in  nature  can 
bring  about  this  change  of  state ;  ice  may  be  broken  and 
reduced  to  a  powder,  it  may  be  subjected  to  all  the  me* 
chanical  powers  and  natural  agents,  but  it  will  still  be  a 
solid  unless  heat  exerts  its  action  upon  it  to  convert  it  into 
water.  It  is  the  same  with  wax,  and  when  melting  in  the 
rays  of  the  sun  we  are  certain  that  it  is  the  heat  and  not 
the  light  which  produces  this  change ;  and  if  lead  becomes 
liquid  by  being  hammered  on  an  anvil,  it  is  because. of  the 
heat  developed  by  the  compression  consequent  on  percus- 
sion. Thus  the  state  of  solidity  or  of  fluidity  of  a  body  is 
a  relative  state,  and  depends  entirely  on  the  temperature  to 
virhich  the  body  is  subject.  At  a  different  distance  from 
the  sun  our  earth  would  be  of  9  vmr  ^^iSfgsju^  cQiisistency 
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and  aspect.  Were  it  nearer^  most  of  the  metals  would  be 
in  an  habitual  state  of  fusion^  and  the  bottom  of  the  sea, 
instead  of  being  filled  with  water^  might  as  well  be  filled 
with  liquefied  metallic  substances;  were  it  on  the  contrary 
farther  off,  the  sea  would  be  a  solid  mass ;  there  would  not 
be  any  running  water,  or  sufficient  liquid  for  the  purposes 
of  life  and  vegetation. 

Since  heat  penetrates  and  dilates  all  substances,  it  is  an 
interesting  question,  whether  it  can  convert  them  all  into 
a  liquid  state.  In  exsuoiining  under  this  point  of  view 
solid  bodies,  we  meet  with  remarkable  differences;  some 
are  very  fusible,  and  cannot  sustain  even  very  low  tem- 
peratures without  passing  into  the  liquid  form ;  such  are 
ice,  phosphorus,  sulphur,  wax,  all  fat  and  resinous  sub- 
stances ;  there  are  others  which  require  temperatures  more 
derated  to  melt  them,  such  are  pewter,  lead,  and  various 
alloys ;  others,  as  gold,  iron,  platinum,  cannot  be  brought 
into  a  state  of  fusion  except  by  the  very  highest  tempera- 
tures, continued  for  a  very  long  time.  Those  bodies  which 
resist  the  greatest  degrees  of  heat  are  called  infusible ;  but 
as  our  means  of  producing  heat  increase,  their  number  dimi- 
nishes. Carbon  or  charcoal  appears  to  be  the  most  refracr 
tory,  though  some  experimentalists  appear  to  have  detected 
slight  traces  of  fusion  in  the  diamond.  We  are  bound, 
however,  to  condude  from  analogy  that  there  are  no  bodies 
absolutely  infusible.  Organic  substances  being  in  general 
composed  of  carbon  and  gaseous  elements,  more  or  less 
volatile,  are  frequently  readily  decomposed  by  the  action 
of  the  fire,  though  not  liquefied.  Thus  wood  burnt  in  a 
furnace  is  carbonised,  but  not  melted;  the  same  is  the  case 
with  fruits,  flowers,  and  vegetables,  and  with  the  muscles 
and  fibres  of  animal  existence.  All  organic  substances  are 
decomposed  by  heat;  their  volatile  essences  fiy  off,  and 
there  remains  nought  but  carbon  and  other  fixed  elements 
or  bases.  Many  inorganic  bodies  also  are  decomposed 
before  being  melted,  and  their  fusibility  has  been  shewn  by 
the  ingenious  experiments  of  Hall.     He  heated  bodies^ 
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keeping  tbem  under  great  pressure,  thereby  preyentilig 
their  volatile  essences  from  separating  and  fl3ring  ofi*.  In 
this  manner  Hall  succeeded  in  melting  marble  without 
converting  it  into  chalk,  and  in  the  same  manner  he  has 
shewn  the  fusibility  of  several  volcanic  substances.  These 
results  are  of  the  greatest  importance  in  considering  the 
origin  and  formation  of  the  different  -strata  of  the  earth. 

151.  Fluidity  the  coiuequence  o/^Heitf.— From  the  pre* 
eeding  statements  it  iq^iears  that  whenever  a  solid  body  is 
converted  into  a  liquid  a  much  greater  quantity  of  heat 
enters'  into  it  than  can  be  detected  by  the  thermometer ; 
heat^  which  before  entering  into  the  substance  was  soisihb^ 
has  on  entering  into  it  become  insensible.  When  a  liquid 
assumes  the  gaseous  form  there  is  no  difference  between 
the  apparent  temperature  of  the  liquid  and  of  the  invisible 
Vapour  which  rises  from  it;  yet  it  is  certain  that  the 
iFapour  contains  great  quantities  of  heat;  for  the  heat 
IS  given  out  again  when  the  vi^pour  returns  to  the  liquid 
form.  These  facts  led  Black  to  the  hypothesis  ihat  the 
presence  of  this  great  quantity  of  heat  is  the  principal  and 
nnmediate  cause  of  the  fluidity  induced ;  or>  in  other  words, 
that  the  fluidity  of  a  body  is  entirely  produced  by  the  in- 
fusion of  a  certain  quantity  of  heat,  which  causes  no  change 
in  the  temperature,  but  only  in  the  state  of  the  substance. 
Thus  the  infusion  of  a  certain  dose  of  heat  will  cause  ioe  of 
the  temperature  of  SS^  F.  to  become  water  of  32**  F.;  and 
similarly  a  certain  quantity  of  heat  causes  watwdf  212*'F. 
to  become  steam  of  the  same  temperature«, 

152.  Condkians  of  Fusion.  Latent  ^Heat^f^ln  the  pa»« 
sage  of  a  substance  from  a  solid  to  a  liquid^  or  lirom  a 
liquid  to  a  gaseous  state,  two  remarkdble  phenomena 
occur;  first,  the  substance  remains  solid  or  liquid  until  it 
has  arrived  at  a  certain  fixed  temperature,  which  is  always 
the  same  for  the  same  substance,  and  then  only  is  it  that 
the  fusion  can  commence;  secondly,  it  retains  the  same 
temperature  during  fusion  whatever  quantity  of  heat  is 
supplied.    The  heat  so  absorbed^  while  the  substance  is 
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passing  into  a  liquid  or  gaseous  state,  seems,  as  it  were,  to 
become  concealed  among  the  particles.  Thus  ^  fixed  point 
of  temperature  and  the  absorption  of  heat  are  the  two 
essential  conditions  of  fusion ;  all  fusion  is  accompanied  by 
these  two  phenomena.  The  heat  which  then  disappears  is 
termed  latent  heat ;  for  it  evidently  exists  in  a  very  differ- 
ent state  from  that  which  is  sensible  to  the  hand,  or  to  the 
thermometer.  Thus,  as  we  have  already  seen,  a  mass  of 
ice  or  snow  retains  invariably  the  same  temperature,  till 
the  whole  is  melted.  Before  these  conditions  were  dis- 
tinctly understood,  it  was  reasonably  enough  expected,  that 
ice  would  melt  at  different  temperatures,  according  to  the 
latitude  or  the  place  in  which  it  is  formed.  The  quantity 
of  latent  heat  which  a  body  absorbs  in  fusion,  evidently 
depends  on  the  mass  of  the  body  melted,  but  we  shall  see 
hereafter  that  different  bodies,  though  equal  in  mass^ 
require  very  different  quantities  of  latent  heat ;  and  that 
each  substance  has  as  distinct  a  character  with  reference  to 
heat  as  that  which  it  derives  from  its  density,  or  from,  any 
other  of  the  primitive  qualities  of  matter* 

The  same  phenomena  occur  also  in  the  passage  of  a 
liquid  into  vapour.  The  temperature,  as  we  have  seen, 
comes  to  a  standi  and  the  vapour  is  of  the  same  temperar 
ture  as  the  water  from  which  it  is  formed,  but  equal 
weights  of  the  two  contain  very  different  quantities  of  heat. 
The  vapour  absorbs  very  great  quantities  of  heat,  as  is  most 
distinctly  proved  by  its  being  given  out  again  in  conden- 
sation, that  is,  when  the  vapour  returns  to  its  liquid  form. 

These  absorptions  of  heat  in  such  different  proportions 
during  fusion  and  the  formation  of  vapour,  and  its  repro- 
duction  on  solidification  and  condensation,  furnish  strong 
evidence  in  favour  of  the  proposition, '  that  the  phenomena 
of  latent  heat  are  the  essential  conditions  of  every  change  of 
state.' 

133.  Solidification. — ^When  liquids  pass  into  the  solid 
state  there  are  two  conditions  corresponding  to  the  preceding 
two  of  fusion ;  first,  it  takes  place  at  a  fixed  temperature, 

x2 


234  fiLEMENTa  OP  PHYSICS.  CBtAP.  iX* 

whicli  IS  the  same  as  the  temperature  of  fusion ;  secondly^ 
all  the  latent  heat  which  had  heen  absorbed  during  fusion 
is  reproduced  and  disengaged  during  solidification.     The 
first  of  these  phenomena  may  be  ol^erved  at  once  by  any 
thermometer  or  pyrometer ;  the  temperature  will  be  at  a 
stand  and  will  not  change  during  the  change  of  state,  that 
is^  till  after  the  solidification  is  complete.      The  second 
condition  is  shewn  at  once  by  some  experiments  of  F^ren- 
heit,  in  which  it  appears  that  water  may  be  cooled  to  10®  or 
12^  below  the  freezing  point ,  but  then  on  being  shaken  it 
will  instantly  become  solid.     The  thermometer  which  in- 
dicates this  low  temperature  will  rise  at  the  instant  of  this 
change  of  state  to  the  proper  temperature  of  that  states 
The  rapidity  of  the  solidification  and  the  ascent  of  the 
thermometer  are  readily  explicable.     The  latent  heat  of 
those  parts  which  freeze  first  is  distributed  among  the  parts 
which  are  still  liquid;  their  temperature  is  raised,  not 
however  sufficiently  to  prevent  their  change  of  state, 
llius  arises  the  double  efiTect  of  the  change  of  state  and 
temperature. 

In  the  formation  of  ice^  when  solidification  takes  place 
slowly^  as  at  the  ordinary  tempera^re^  there  is  no  sensible 
disengagement  of  heat.     When  water  freezes,  the  congela- 
tion generally  commences  at  several  points  at  once;  at  all 
these  points  the  first  particles  which  become  frozen  give 
their  latent  heat  to  the  neighbouring  particles,  which  are 
thus  maintained  in  the  liquid  state.      Thus  freezing  is 
necessarily  a  work  of  time.     Hence  there  first  appear  thin 
layers  of  ice,  or  very  fine  needles  or  filaments  which  cross 
each  other  in  all  directions  at  the  surface  of  the  liquid  mass. 
At  a  certain  distance  from  the  first  filaments  others  are 
formed,  and  so  on,  until  all  the  latent  heat  is  dissipated,  and 
cold  has  taken  successively  all  the  particles  and  united 
them  into  a  solid  mass.   Were  it  not  for  the  latent  heat  the 
solidification  of  bodies  would  be  instantaneous ;  thus  the  rate 
of  freezing  must  depend  on  the  quantity  of  heat  disengaged, 
and  on  the  facility  with  which  it  can  be  dissipated.    The 
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same  substance,  during  solidification^  will  take  very  differ- 
ent forms,  according  as  the  operation  goes  on  naturally^  or 
is  interfered  with.  When  the  process  goes  oh  slowly  and 
without  any  disturbance^  crystallization  generally  takes 
place,  that  is^  the  particles  arrange  themselves  according  to 
some  definite  order^  and  the  substance  has  the  greatest 
density  of  which  it  is  susceptible ;  but  when  the  liquid  is 
disturbed  in  any  manner,  the  particles  have  not  time  to 
group  and  arrange  themselves^  but  they  form  a  solids  of 
which  the  interior  is  in  a  state  of  greater  or  less  constraint. 
But  whatever  be  the  rate  at  which  the  solidification  takes 
place^  most  bodies  suffer  a  sudden  diminution  in  volume  at 
the  instant  of  their  passing  into  this  state ;  water^  however^ 
is  a  remarkable  exception  to  this  law,  and  similar  pheno- 
mena of  expansion  at  the  instant  of  solidification  have  been 
observed  in  one  or  two  other  substances. 

104.  Freezing  Mixtures. — The  theory  of  those  mix- 
tures by  which  the  temperature  of  bodies  may  be  reduced 
furnishes  the  best  illustration  of  the  connexion  which  sub- 
sists between  latent  heat  and  a  change  of  state.  The  sub- 
stances to  be  mixed  are  either  all  solid,  or  one  of  them  at 
least  is  solid,  and  they  begin  to  liquefy  on  being  mixed. 
In  the  passage  of  any  of  the  substances  from  a  solid  to  a 
fluid  state  sensible  heat  becomes  insensible  or  latent ;  and 
we  shall  find  that  whenever  firom  any  combination  of  par- 
ticles there  is  a  change  of  state  or  a  change  of  volume,  there 
is  always  a  corresponding  change  in  the  temperature. 
Suppose  a  cup  containing  a  mixture  of  salt  and  snow  be 
brought  into  a  warm  room,  the  snow  will  gradually  melt, 
but  the  liquefaction  of  the  salt  will  cause  such  a  reduction 
of  temperature  that  the  snow  water  will  be  converted  into 
ice  as  fast  as  it  is  thawed.  If  a  quantity  of  nitre  be 
thrown  into  water  its  solution  will  reduce  the  temperature 
of  the  water  considerably.  This  is  the  common  mode  of 
cooling  wine  in  India ;  the  bottle  is  surrounded  with  water 
containing  nitre ;  the  nitre  being  completely  liquefied  nO 
farther  reduction  of  temperature  takes  place,  and  tiie  water 
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of  the  solution  bding  evaporated,  by  the  next  day  the  nitre 
is  ready  for  use  as  before. 

The  best  freezing  mixtures  are  made  with  some  ice  or 
snow ;  but  as  these  cannot  always  be  had  we  may  produce 
a  reduction  of  temperature  amounting  to  40°  F.,  or  even 
50®  F.,  by  five  parts  of  sulphate  of  soda,  that  is,  glauber 
salts,  and y<mr  of  diluted  sulphuric  acid.  There  are  nu-, 
merous  other  mixtures  for  this  purpose  of  which  the  student 
may  find  the  elements  in  works  on  chemistry. 

135.  Formaiion  of  Vapour,— The  change  of  state  which 
water  undergoes  in  the  formation  of  vapour  being  due 
simply  to  the  influence  of  heat,  we  must  examine  into 
what  takes  place  during  this  change,  and  into  the  laws  of 
the  fluid  so  produced.    When  a  liquid  is  heated  to  the 
fixed  point  of  temperature  (Art.  132)  at  which  ebullition 
commences,  we  may  observe  a  rapid  formation  of  bubbles 
in  all  parts  of  the  interior  of  the  fluid,  which  increase  in 
volume  as  they  approach  the  surface,  where  they  burst  or 
pass  off  in  invisible  vapour.      Their  gradual  increase  in 
size,  and  sudden  disappearance  on  reaching  the  surface, 
deserve  particularly  to  be  remarked.     The  vapour,  or  in- 
visible elastic  fluid,  which  is  formed  at  the  bottom  by  the 
immediate  action  of  the  fire,  is  pressed  on  all  sides  by  the 
fluid;  this  pressure  being  proportionate  to  the  depth  di- 
minishes as  the  bubble  ascends ;  on  arriving  at  the  surface, 
where  it  comes  in  contact  with  a  different  medium,  namely 
the  air,  the  pressure  is  not  sufficient  to  keep  the  bubble  in 
the  same  definite  form,  as  when  it  was  entirely  covered 
by  the  water.     In  fact,  the  instant  the  phenomenon  of 
ebullition  commences,  we  are  certain  that  the  elastic  force 
of  the  vapour  formed  is  exactly  equal  to  the  elastic  force  of 
the  atmosphere  at  the  surface  of  the  water.      This  has 
already  been  alluded  to  in  speaking  of  the  effects  of  the 
atmospheric  pressure. 

Another  fact  to  be  remarked,  and  one  which  may  readily 
be  observed  if  water  be  made  to  boil  in  any  glass  vessel,  as 
in  a  soda  water  bottle,  is,  that  the  bubbles  are  formed 
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entirely  at  the  surface  of  the  glass,  where  it  is  heated  by 
the  fire.  It  is  to  this  that  the  disturbance  consequent  on 
ebullition  is  owing ;  the  vessel  being  much  hotter  than  the 
rest  of  the  fluid,  the  water  in  immediate  contact  with  the 
surface  of  the  vessel  is  suddenly  transformed  into  vapour, 
the  rising  up  of  which  causes  the  disturbed  motion  of 
which  we  have  spoken.  Vapour  is  also  formed  at  the  sur- 
face of  the  water  as  well  as  at  its  lower  parts,  but  imper- 
ceptibly, because  of  the  uniform  temperature  which  exists, 
there  being  no  hot  metallic  surface  to  cause  the  rapid 
formation  which  takes  place  at  the  lower  parts.  This  in- 
sensible or  imperceptible  formation  of  vapour,  is  called 
evaporation,  and  it  must  carefully  be  borne  in  mind  that 
there  is  no  real  distinction  in  the  two  operations  which 
have  received  these  different  names.  The  formation  of 
vapour  or  evaporation  is  going  on  at  all  temperatures ;  when 
however  the  extraneous  circumstances  are  such  as  to  cause 
the  rapid  and  violent  formation  of  vapour,  which  exhibits 
itself  in  the  tumultuous  motion  of  the  water,  the  operation 
is  termed  ebullition.  The  vapour  formed  under  these  cir- 
cumstances, or  at  higher  temperatures,  is  from  the  import- 
ant applications  which  are  made  of  it  generally  called 
steam. 

156.  Elastic,  or  High  Pressure  Steam, — When  water 
passes  into  the  invisible  form  of  vapour  at  a  temperature  of 
212**  F.  we  have  stated  that  the  vapour  is  generally  called 
steam.  It  is  convenient  to  distinguish  the  vapour  formed 
up  to  this  point,  and  that  formed  beyond  this  point,  by 
separate  names ;  simply  because  that  the  latter,  owing  to 
its  elastic  force  being  equal  to  that  of  the  ordinary  atmo- 
spheric air,  may  be  used  as  a  moving  power,  being  the 
source  of  all  the  wonderful  phenomena  which  are  exhibited 
in  the  ordinary  steam  engine.  Though  this  is  a  convenient 
distinction,  and  one  which  the  circumstances  of  the  case 
fully twarrant,  it  must,  nevertheless,  ever  be  borne  in  mind 
that  so  far  as  the  formation  of  the  invisible  elastic  fluid  is 
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concerned^  the  cases  are  identical :  each  fluid  being  water 
combined  with  a  certain  dose  of  caloric. 

Steam  cannot  be  generated  in  an  open  vessel  of  a  higher 
temperature  than  212*^  F.;  for  at  this  point  the  vapour  is 
of  the  same  elastic  force  as  the  atmosphere ;  and  vapour 
being  invariably  of  the  same  temperature  as  the  fluid  from 
which  it  is  formed,  and  this  being  the  fixed  point  of  tem- 
perature for  the  production  of  steam  under  the  ordinary 
atmospheric  pressure,  any  attempt  to  raise  the  temperature 
of  the  steam  is  attended  with  no  other  result  than  an 
increase  in  the  rate  at  which  the  steam  is  generated.  If 
however  the  vessel  be  closed,  the  steam,  not  being  able  to 
escape  as  before,  may  acquire  any  temperature  which  we 
please ;  but  ^inasmuch  as  its  elastic  force  increases  more 
rapidly  than  the  temperature,  the  pressure  of  the  steam 
against  the  sides  of  the  vessel  will  soon  become  too  great 
for  the  strength  of  the  vessel.  Steam  produced  at  this 
higher  temperature  is  called  elastic,  or  high  pressure  steam. 
The  term  elastic  being  applied  to  it  because  steam  at  the 
temperature  of  212*^  F.  appears  to  have  no  elasticity;  its 
elastic  force  is  counterbalanced,  or  is  in  equilibrium,  being 
exactly  equal  to  that  of  the  atmosphere.  Similarly,  the 
words  high  pressure  imply  that  its  pressure,  or  elastic 
force,  as  we  have  already  explained  the  term  (Art.  88),  is 
greater  than  that  of  the  atmosphere.  The  temperature 
then  at  which  steam  can  be  generated,  or  to  which  water 
in  a  close  vessel  can  be  raised,  depends  only  on  the  strength 
of  the  vessel.  Steam  may  thus  be  produced  of  an  elastic 
force  sufficient  to  overcome  the  cohesive  force  of  the  ma« 
terials  of  the  vessel  in  which  it  is  generated ;  hence  we 
see  the  cause  of  those  dreadful  explosions  which  sometimes 
occur.  If  from  neglect,  or  from  the  safety  valve  having 
too  great  a  load  upon  it  (Art.  69),  the  temperature  of  the 
water  and  steam  collected  above  it  becomes  too  great,  the 
vessel  is  rent  asunder,  as  if  burst  by  the  expansive  force  of 
gunpowder. 
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157.  Steam  Engine. — It  would  not  be  consistent  with 
the  object  of  this  work  to  enter  upon  the  construction  of 
steam  engines,  or  the  interesting  history  of  their  advance- 
ment to  the  present  state  of  perfection.  Either  of  these 
subjects  would  alone  furnish  materials  for  a  very  bulky 
volume.  All  that  we  can  here  attempt  will  be  to  point  out 
distinctly  and  briefly  the  principle  of  the  application  of 
steam  as  a  moving  power.  The  application  of  steam  as  a 
moving  power  depends  on  the  following  facts.  1^  That 
steam  from  water  of  212^  F.  exerts  on  the  sides  of  any 
containing  vessel  a  pressure  equal  to  the  pressure  of  the 
atmosphere.  2®.  That  steam  from  water  of  a  higher  tem- 
perature than  212*^  F.  exerts  a  pressure  against  the  sides 
of  the  containing  vessel  greater  than  the  pressure  of  the 
atmosphere.  3°.  That  this  pressure,  or  the  elastic  force  of 
the  steam,  may  be  entirely  destiroyed  by  diminishing  the 
temperature,  when  the  steam  will  instantly  return  to 
water. 

The  principle  of  the  application  of  steam 
as  a  moving  power,  founded  on  these  facts, 
is  well  illustrated  by  a  little  instrument 
su^ested  by  the  celebrated  WoUaston. 
This,  as  is  represented  in  the  accompanying 
figure,  consists  of  a  cylindrical  glass  tube 
A  B,  blown  at  the  bottom  into  a  bulb.  A 
piston  is  fitted  to  this  tube  so  as  to  move 
up  and  down  with  ease,  but  air-tight.  Some 
water  is  put  into  the  bulb,  as  represented  at 
c,  and  suppose  the  piston  to  be  at  the  bottom 
of  the  cylindrical  tube,  as  at  b.  Suppose 
now  that  the  bulb  is  held  over  a  spirit  lamp,  or 
made  to  boil  in  any  other  way ;  the  piston  b  will  be  driven 
up  by  the  elastic  force  of  the  steam,  from  the  water  in 
the  bulb  pressing  upwards  on  the  under  side  of  the  piston 
with  a  greater  force  than  the  atmosphere  presses  downwards 
on  the  upper  side  of  the  piston.  Suppose  now  that  the  piston 
•has  reached  the  top  of  the  tube.    Let  the  bulb  be  dipped  ia 
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cold  wat^  I  the  teiSiperature/of  the  water  will  instantly  fall, 
the  steam  .will  be  condensed,  and  there  will  be  a  vacauni'  be« 
tween  the  under  side  of  the  piston  and  the  surface  nf  the 
water.  There  will  then  be  no  upward  pressure  to  counter<i 
balance  the  atmospheric  pressure ;  the  latter  will  cooae- 
quently  produce  its  full  effect^  and  the  piston  will  be  driven 
down  suddenly  and  with  a  great  force*  The  vacuum 
below  the  piston. will  not  be  quite  perfect,  nor  will  the 
descent  pf  the  piston  be  delayed  until  all  the  steam  is  con- 
densedi  but  will  commence  the  instant  the  temperature  is 
the  least  loweredi  so  that  there  becomes  the  least  appre- 
cial^e  difference  between  the  upward  and  downward  pres* 
sures.  ..The  piston  having  descended  to  the  bottom>..the 
operation  may  be  again  repeated.  This  alternating  motion 
is  the  source  of  the  power  c^  the  steam  engine ;  this  motion 
once  obtained  is  the  power  which  may  be  converted,  trans- 
ferredi  and  modified^  by  the  intervention  of  machinery  in 
any  way  which  the  circumstances  of  the  case  may  require^ 
The  illustration  just  given  may  lead  us  to  consider  the 
application  of  heat  to  water  and  the  consequent  production 
of  steam  as  the  means  whereby  we  may  avail  ourselves  of 
the  weight  of  the  atmosphere.  The  weight  or  pressure  of 
the  atmosphere  may  be  considered  as  equal  to  15  lbs.  on 
every  square  inch ;  but  suppose  now,  in  consequence  bf  the 
pressure  on  the  under  side  not  being  entirely  destroyed, 
that  we  have  an  effective  pressure  on  the  upper  side  of  the 
piston  amounting  to  10  lbs.  and  that  the  distance  through 
which  it  moves  is  6  indies ;  then  since  the  product  of  these 
numbers  is  60,  we  have  an  available  effective  power  equal 
to  this  quantity ;  then  making  a  small  deduction  for  fric- 

ion,  one-sixth  suppose,  we  should,  by  means  of  the  inter- 
vention of  machinery,  be  able  to  apply  the  power  thus  ob- 
tained so  as  to  raise  one  pound  50  inches  high,  or  50  lbs. 
one  inch  high. 

The  preceding  statement,  simple  as  it  may  spjpeoF,  is  the 

principle  of  the  application  of  steam  as  a  moving  power 
in  the  steam    engine,  and  the  calculation  of  the  pow^ 
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obtained.'  Practical  considerationa  as  to  economy  in  fuel 
consumed  and  convenience,  have  led  engineers  to  adopt 
modifications  of  this  principle^  on  which  we  cannot  dwell 
here.  The  application  of  steam  of  high  pressure  will  be 
understood  at  once  from  the  preceding  illustration*  Sup- 
pose that  the  small  piston  does  not  move  easily,  the  elastic 
force  of  the  steam  which  is  now  confined  will  soon  become 
sufficient  to  move  the  piston  or  to  burst  the  vessel ;  on  this 
therefore  we  need  not  dwells  as  it  will  be  readily  understood 
from  what  we  have  already  stated*  The  principle  of  the 
steam  engine  may  be  summed  up  in  a  few  words.  The 
combustion  of  fuel  calls  into  action  the  elastic  force  of 
steam,  which  is  applied  to  produce  the  to  and  fro,  or  alter** 
nating  motion  of  the  piston,  which  has  just  been  described* 
This  motion  through  a  given  space  constitutes  power, 
which  is  by  the  intervention  of  machinery  to  be  converted 
and  applied  in  the  way  which  will  best  suit  the  wants  of 
man. 

158.  Evaporation  always  taking  p/octf.— Evaporation  is 
the  slow  and  imperceptible  formation  of  vapour  at  the  sur- 
face of  the  water,  whilst  ebullition  is,  as  we  have  seen,  the 
rapid  formation  of  vapour  in  the  interior  of  the  mass. 
This  operation  is  going  on  at  the  surface  of  all  water,  and 
of  all  substances  wherever  any  moisture  is  present.  The 
simplest  observations  will  shew  the  truth  of  the  preceding 
statement.  Now  since  the  absorption  of  heat  is  the  essen- 
tial condition  of  a  change  of  state  (Art.  152),  we  may 
reasonably  expect  that  the  state  of  the  body  with  reference 
to  heat,  or  the  rapidity  with  which  heat  can  be  supplied, 
will  determine  the  rate  of  evaporation.  If  water  in  a 
shallow  vessel  be  placed  in  a  warm  situation,  it  will  diminish 
very  rapidly  by  this  insensible  formation  of  vapour.  The 
same  is  the  case  with  other  liquids,  as  may  be  seen  by  sus- 
pending particular  substances  above  their  surfaces;  these 
substances  will  be  acted  upon  and  changed  by  the  vapour. 
But  evaporation  goes  on  also  from  ice,  as  may  be  readily 

Y 
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proved  by  observing  how  much  weight  a  lump  of  ice  or  a 
mass  of  snow  loses  in  a  given  time,  the  circumstances  being 
such  that  the  ice  or  snow  cannot  thaw. 

Evaporation  is  also  constantly  going  on  at  the  surface  of 
many  other  substances  besides  water,  or  where  moisture 
exists;  as,  for  instance,  at  the  surface  of  mercury.  If  small 
pieces  of  gold  leaf  be  suspended  above  the  surface  of  mer- 
cury, there  will  be  a  vapour  from  the  mercury  collected  on 
the  leaf.  This  natural  sublimation,  so  to  speak,  of  different 
substances,  is  a  curious  phenomenon,  and  must  be  referred 
entirely  to  the  agency  of  heat. 

The  most  favourable  circumstances  for  evaporation  are 
when  the  temperature  of  the  liquid  is  considerably  higher 
than  the  temperature  of  the  surrounding  air,  and  when 
there  is  but  little  vapour  collected  above,  or  pressing  on  the 
liquid.  We  shall  see  hereafter  that  there  is  reason  for  be- 
lieving the  evaporation  to  be  checked  simply  by  the  vapour 
which  is  already  formed.  Consequently,  if  the  vapour  is 
removed  as  soon  as  formed,  the  evaporation  will  go  on 
with  great  rapidity,  as  we  know  to  be  the  case  after  a 
warm  day  when  there  is  a  brisk  wind  to  carry  off  the 
vapour  as  soon  as  formed. 

159.  The  Air  impedes  Evaporation. — When  a  liquid,  as 
water,  is  exposed  to  the  air,  it  generally  undergoes  a  gradual 
diminution,  till  at  last  all  has  disappeared.  Thus,  the  rain 
which  falls  on  the  earth  is  either  absorbed  by  the  soil,  or 
rapidly  disappears  from  the  action  of  the  sun  and  of  the  wind. 
This  disappearance  of  a  fluid,  or  its  evaporation,  was  for  a 
long  time  attributed  to  the  solvent  power  of  the  atmosphere. 
The  air  was  supposed  to  hold  the  water  in  solution  just  as 
water  holds  salt.  It  will  be  seen,  however,  that  notf  only 
is  the  air  unnecessary  for  the  evaporation,  but  its  pre- 
sence actually  impedes  the  process ;  so  that  the  existence 
of  vapour  must  be  due  to  some  other  cause,  and  entirely 
independent  of  the  air.  In  fact,  the  vapour  has  an  inde- 
pendent existence,  as  the  following  experiment  will  shew. 
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Let  the  figure  represent  three  barometers^ 
A,  B,  c^  which  give  exactly  the  pressure  of 
atmosphere^  and  all  stand  at  the  same 
height.  Let  a  drop  of  water  be  forced  by 
a  bent  tube  into  the  lower  part  of  b  ;  it  will 
rise  to  the  top,  and  in  its  natural  state  it 
would  occupy^  on  reaching  the  top,  a  very 
small  space,  as  the  y^^  part  of  an  inch ; 
but  the  mercurial  column  will  instantly  de- 
scend several  inches^  and  instead  of  stand- 
ing at  the  height  of  a  in  a,  it  will  stand  at 
b.  This  depression  is  not  owing  to  the 
weight  of  the  water,  which  is  not  sufficient 
to  produce  any  sensible  influence,  or  to  any 
air  which  the  water  may  contain^  for  it  may 
be  supposed  free  from  air.  It  is  the  water 
itself  which  has  formed  an  elastic  fluid  by 
passing  into  vapour^  and  it  is  the  elastic 
force  or  tension  of  this  vapour  which  acts  on  the  surface 
of  the  mercury,  and  causes  it  to  descend.  The  amount  of 
depression  is  the  measure  of  the  elastic  force  of  the  vapour. 
If  the  third  barometer  have  some  ether  introduced  in  the 
same  way,  the  barometric  column  will  probably  be  de- 
pressed by  one-half,  and  stand  as  at  c ;  whence  it  follows, 
that  the  elastic  force  of  the  vapour  of  ether  is  equal  to 
about  half  the  atmospheric  pressure. 

The  preceding  experiment  establishes  two  important 
points:  first,  that  all  liquids  furnish  vapours  of  different 
degrees  of  elasticity ;  and,  secondly^  that  the  vapour  is 
formed  instantly  in  vacuo.  Now  we  know  that  vapours 
are  formed  in  the  air ;  but  this  being  a  comparatively  slow 
process^  we  must  conclude  that  the  presence  of  the  air  is  an 
impediment  to  evaporation.  There  is  no  difficulty  in  seeing 
how  the  air  impedes  the  formation  of  vapour;  it  is  by  pre- 
senting its  particles  as  it  were  mechanical  obstacles  to  the 
speedy  removal  of  the  particles  of  vapour  as  they  are  formed ; 
just  as  the  particles  of  sand  prevent  the  free  motion  of  the 
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partides  of  water  which  trickles  through  it.  That  this  is 
the  case  will  be  seen  at  once  by  observing  the  evaporation 
of  ether  in  vacuo^  and  in  an  equal  space  full  of  air.  In 
vacuo^  as  we  have  seen^  the  vapour  is  formed  instantly^  but 
it  is  a  slow  progress  hi  air^  and  the  time  required  depends 
on  the  density  of  the  air;  but  the  quantity  of  ether  evapo- 
rated>  or  of  vapour  formed^  is  precisely  the  same  in  both 
cases.  These  beautiful  and  extraordinary  phenomena,  for 
the  discovery  and  explanation  of  which  we  are  indebted  to 
Dr.  Dalton,  will  require  to  be  examined  in  more  detail. 

160.  The  Temperature  determines  the  quantity  of  Va- 
pour. — If  the  temperature  of  a  vessel  containing  water  be 
40*^,  the  quantity  of  vapour  which  exists  above  the  water 
will  be  small ;  if  the  temperature  be  increased  to  60^,  the 
quantity  of  vapour  will  be  increased^  and  so  on ;  an  increase 
of  temperature  alwayi  occasioning  an  increase  of  vapour. 
If  now  the  temperature  be  reduced  to  50°,  some  vaponr  wiU 
return  again  to  water ;  and  if  to  40°,  there  will  be  precisely 
the  same  relative  quantities  of  vapour  and  water  as  at  the 
commencement  of  the  experiment.  And  the  presence  of 
air  in  the  sp^ce  above  the  water  makes  no  difference  in  the 
quantity  of  vapour  formed;  in  this  case  time  must  be 
allowed  for  the  completion  of  those  changes  which  take 
place  almost  instantaneously  if  there  is  no  air.  The  elastic 
force  of  the  vapour  in  vacuo  is  always  the  same  at  the  same 
temperature ;  it  increases  very  rapidly  with  the  tempera- 
ture* as  will  be  seen  if  the  upper  part  of  the  barometer 
tube  in  the  prec^ng  experiment  be  warmed ;  the  column 
will  be  more  and  more  depressed.  Thus,  by  observing  the 
amounts  of  depression^  tables  of  the  elastic  force  of  vapour 
at  all  temperatures  have  been  made  out,  for  the  use  of 
those  who  have  to  employ  steam  and  other  elastic  fluids  in 
the  arts  or  as  a  moving  power. 

161.  Maximum  Tension, — The  elastic  force  of  elastic 
fluids  may  in  general  be  increased  by  compression,  and  di- 
minished by  rarefaction;  vapour,  however,  presents  under 
certain  circumstances  a  most  remarkable  exception  to  this 


SBCT.  11.  LAWS   OP   VAPOUB.  245 

law,  since  its  elastic  force  cannot  be  altered  by  any  of  these 
or  similar  means ;  it  being  always  supposed  that  the  tem- 
perature remains  constant.  If  the  space  which  a  given 
quantity  of  vapour  occupies  be  diminished^  so  that  the 
vapour  is  compressed^  some  of  it  resumes  the  liquid  form ; 
again,  if  the  space  be  enlarged,  so  that  the  vapour  being 
less  pressed  would  be  rarefied,  some  of  the  liquid  becomes 
vapour;  thus  the  elastic  force  is  unchangeable.  This  is 
expressed  by  saying,  that  the  elastic  force  or  tension  is  a 
maximum ;  that  is,  any  change  in  the  elastic  force  will 
be  resisted  by  a  change  taking  place  in  the  state  either  of 
some  of  the  vapour  or  of  the  liquid.  This  curious  fact 
will  be  fully  understood  from  the  following  experiment. 

Let  a  barometer  be  inverted  over  a  deep  ves- 
sel of  mercury,  and  let  a  very  small  quantity  of       » 
ether  be  introduced  as  before  above  the  mer- 
cury ;    its  vapour   will    cause  a  considerable 
depression,  so  that  the  surface  will  stand  at  a. 
Let  the  height  a  b  o(  the  column  be  accurately        ^ 
measured.     Now  let  the  tube  be  pressed  down 
in  the  basin,  so  as  to  reduce  considerablv  the 
space  occupied  by  the  vapour  of  ether;  then      .— 
the  two  following  remarkable  phenomena  will      ^ 
be  observed ;  first,  the  height  of  the  sustained 
column  will  be  exactly  the  same  as  before, 
which   shews  that  the  elastic   force   of   the 
vapour  in  the  top  of  the  tube  is  unaltered: 
secondly,  the  layer  of  ether  at  a  will  be  seen 
to  increase  in  thickness  as  the  tube  is  pressed 
down;   which  shews  that  the  vapour  is  con- 
densed into  liquid  and  that  it  cannot  be  com- 
pressed into  a  less  space.     Again,  if  the  tube 
be  raised  instead  of  being  depressed,  the  column 
will  still  preserve  exactly  its  same  height :  thus  affording 
an  evident  proof,  that  fresh  vapour  is  formed  as  fast  as  the 
space  augments,  and  that  it  always  preserves  the  same 
elastic  force  or  tension.     If  the  tube  be  raised  sufficiently 
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to  admit  of  all  the  liquid  passing  into  vapour,  the  column 
from  this  instant  will  begin  to  rise,  so  that  the  depression 
will  become  less.  From  this  point  the  vapour  is  subject  to 
the  law  of  Boyle  (Art.  89),  which  it  follows  accurately 
when  not  compressed  to  the  point  of  condensation.  The 
vapours  of  all  other  liquids  follow  the  same  laws,  but  their 
elastic  forces  are  very  different. 

162.  The  pressure  of  Vapour  stops  Evaporation,^^VTom 
the  preceding  experiment  we  see  that  the  formation  of 
fresh  vapour  is  prevented  by  the  pressure  of  that  which 
already  exists  on  the  surface  of  the  liquid;  the  liquid  is 
always  ready  to  furnish  fresh  vapour,  if  any  that  already 
exists  be  removed,  or  the  space  in  which  it  exists  be  in- 
creased so  that  the  pressure  on  its  surface  be  for  the  instant 
relieve^.  The  air,  we  have  seen  (Art.  160),  produces  no 
effect  on  the  quantity  of  vapour  which  can  exist;  hence  the 
conclusions  of  the  preceding  article  will  apply  to  the  vapour 
formed  in  a  space  containing  air  as  well  as  in  vacuo.  This 
which  we  have  shewn  in  a  limited  space  is  constantly 
taking  place  in  the  air;  evaporation  is  always  going  on, 
impeded,  but  not  absolutely  stopped,  by  the  presence  of  the 
air ;  if  the  evaporation  is  ever  stopped,  it  is  because  of  the 
pressure  of  the  vapour  which  already  exists.  Hence  we 
see  why  a  smart  breeze  is  so  very  favourable  to  evaporation. 
The  vapour  which  is  formed  being  instantly  carried  away 
by  the  motion  of  the  air,  cannot  press  on  the  surface- of  the 
liquid ;  the  evaporation  goes  on  therefore  with  no  impedi- 
ment  but  that  which  is  always  presented  by  the  atmo- 
sphere. Hence,  also^  when  the  air  is  dry  and  warm  the 
evaporation  must  go  on  most  rapidly,  and  this  is  in  strict 
conformity  with  our  daily  experience. 

The  air  is  often  said  to  be  saturated  with  vapour,  but 
great  caution  must  be  used  in  the  application  and  inter- 
pretation of  this  term.  When  properly  applied  it  means 
that  there  is  as  much  vapour  in  the  atmosphere,  or  in  a 
given  space,  as  the  temperature  of  the  liquid  can  furnish ; 
w]ien  then  the  air  is  saturated,  the  vapour  which  exists  in  it 
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Stops  all  farther  evaporation.  As  thia^  however,  is  probably 
never  the  case  in  the  atmosphere^  the  term  is  used  simply 
to  express  the  fact  that  a  great  quantity  of  vapour  exists, 
and  the  air  is  said  to  be  more  saturated  with  vapour  at  one 
time  than  at  another.  It  must  always  be  remembered  that 
the  vapour  has  an  existence  independent  of  the  air,  that  it 
is  as  an  aqueous  atmosphere,  and  governed  by  its  own  laws. 
When  the  vapour  which  exists  in  any  space  has  the  maxi- 
mum tension,  then  only  can  the  space  be  properly  said  to 
be  saturated,  or  to  be  quite  full. 

163.  Condensation  of  Vapour  and  Liquefaction  of 
Goief. — All  vapours  are  condensed,  that  is,  brought  back 
to  their  liquid  form,  by  compression  und  cooling.  When  the 
space  which  the  vapour  occupies  is  saturated,  we  have 
simply  to  increase  the  pressure  to  which  it  is  subject, 
when  some  of  it  will  instantly  be  liquefied.  In  other  cases 
it  may  be  compressed  as  a  gas,  and  cooled  within  certain 
limits,  and  still  preserve  its  gaseous  form.  The  perfect 
identity  which  exists  between  some  properties  of  the  per- 
manent gases  and  vapours,  has  led  to  the  belief  that  the 
former  are  but  vapours,  more  or  less  removed  from  their 
point  of  maximum  tension;  and  many  experiments  have 
been  tried,  but  till  lately  without  success.  It  now  appears, 
from  the  experiments  of  Davy  and  Faraday,  that  several 
gases  may  be  liquefied,  and  that  the  production  of  cold  is 
the  great  means  by  which  this  is  to  be  accomplished.  So 
long  as  the  gas  preserves  its  heat  the  elastic  force  is  indomi- 
table ;  but  once  deprived  of  this  it  immediately  assumes 
the  inelastic  form  of  a  liquid. 

The  simplest  case  of  condensation  is  that  we  have  already 
explained  in  the  application  of  steam  as  a  moving  power* 
The  water  having  passed  into  a  gaseous  form  by  receiving 
a  certain  quantity  of  heat,  reassumes  its  liquid  form  on  the 
removal  of  this  quantity.  The  combination  of  the  heat 
and  water  is  apparently  in  this  case  very  simple  and  difier- 
ent  from  the  combination  which  exists  in  a  permanently 
elastic  fluid. 
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164.  Cold  produced  hy  'Evaporation, — From  what  has 
been  said  it  is  evident,  that  whenever  a  liquid  passes  into  a 
vapour  it  absorbs  great  quantities  of  heat,  which  must  be 
supplied  from  the  surrounding  bodies ;  consequently,  there 
must  be  cold  produced  in  all  these  bodies.  If  a  small  quantity 
of  ether  or  alcohol  be  poured  into  the  palm  of  the  hand,  it 
will  speedily  evaporate,  and  the  sensation  of  cold  produced 
is  very  intense.  Or  if  the  bulb  of  a  thermometer  be 
covered  with  cotton  moistened  with  ether,  the  evaporation 
will  be  accompanied  with  a  sinking  of  the  mercury  to 
many  degrees  below  the  freezing  point.  The  cooling 
effect  of  bathing  the  surface  of  the  skin  with  mixtures 
whose  base  is  alcohol  is  due  to  the  rapidity  with  which 
this  substance  evaporates,  thus  producing  the  sensation  of 
cold  by  the  rapid  absorption  of  heat  which  is  necessary  for 
this  change  of  state.  The  cooling  effects  of  warm  bathing 
are  also  to  be  explained  on  the  principles  just  stated. 

If  the  surface  of  any  body  be  kept  constantly  moist,  the 
evaporation  which  goes  on  will  reduce  its  temperature;  it 
is  on  this  principle  that  we  must  .explain  the  action  of 
coolers.  These  are  formed  of  a  porous  substance  which 
readily  absorbs  water ;  the  evaporation  which  takes  place 
at  the  outer  surface  reduces  the  temperature  of  the  interior 
very  rapidly.  The  temperature  of  the  liquid  contained  in 
any  vessel,  as,  for  instance,  the  temperature  of  a  bottle  of 
wine,  may  be  lowered  very  much  by  promoting  evaporation 
from  its  external  surface.  If  the  bottle  be  wrapt  in  a  cloth 
previously  dipped  in  warm  water,  and  be  set  in  a  current 
of  air,  as  at  an  open  window,  the  heat  abstracted  by  the 
formation  of  vapour  will  lower  the  temperature  of  the 
bottle  several  degrees. 

But  the  most  ingenious  illustration  of  the  preceding  law 
is  that  furnished  by  Leslie's  method  of  making  ice  under 
the  partial  vacuum  of  an  air-pump.  A  small  shallow  pan 
of  water  and  a  vessel  of  sulphuric  acid  are  placed  under  the 
receiver  of  an  air-pump,  and  a  partial  vacuum  is  formed  by 
exhausting  the  air.    Ebullition,  as  is  well  known,  takes 
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plaoe^  and  rapoar  is  formed  rapidly,  bot  it  is  withdrawn  so 
soon  as  formed  by  combining  with  the  sulphuric  add* 
Thus  a  rapid  eraporation  is  kept  up,  and  afier  a  few 
minutes  small  flakes  of  ice  will  be  seen  on  the  surface  of 
the  water  in  the  pan,  and  soon  the  whole  water  will  be- 
come a  solid  mass.  The  pan  of  water  must  be  isolated  as 
much  as  possible,  that  it  may  not  receive  heat  readily  from 
the  substance  on  which  it  rests  ;  it  must  also  be  very  thin, 
that  it  may  participate  as  quickly  as  possible  in  the  cold 
produced  by  the  evaporation.  A  degree  of  cold  may  be 
produced  by  the  evaporation  of  ether  sufficient  to  freeze 
mercury ;  the  degree  of  cold  depending  in  all  cases  on  the 
rate  at  which  the  vapour  is  formed. 

The  cryaphorus  of  Wollaston  is  too  ingenious  an  in- 
strument to  be  omitted  here.    It  consists  of  two  glass  bulbs. 


A  and  B,  perfectly  free  from  air,  and  formed  as  here  repre- 
sented. One  bulb  a  contains  distilled  water,  and  the  other 
parts  of  the  instrument  which  appear  empty  are  filled  with 
aqueous  vapour,  whose  elastic  force  checks  the  evaporation 
of  the  water  by  the  pressure  which  it  exerts  on  the  surface. 
If  now  some  means  be  taken  to  draw  off  this  vapour  as 
soon  as  it  is  formed,  as  if  the  other  bulb  B  be  plunged  into 
a  freezing  mixture,  which  will  immediately  condense  all 
the  vapour,  the  evaporation  will  proceed  rapidly,  and  the 
water  will  be  frozen  in  the  bulb  a  in  a  few  minutes  by 
the  cold  produced  by  the  evaporation. 

The  abundant  perspiration  which  takes  place  at  the  sur<- 
face  of  living  bodies  produces  a  great  degree  of  cold.  The 
blood  of  all  animals,  as  we  shall  see  presently,  has  a  fixed 
and  invariable  temperature,  which  cannot  be  changed 
without  producing  great  inconvenience,  or  even  death. 
For  the  human  frame  this  is  about  9&*  F.,  whatever  be  the 
climate  which  man  inhabits.     Thus,  the  inhabitant  of  the 
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torrid  zone,'  where  the  temperature  of  the  air  is  frequently 
120°  F.,  has  a  proper  temperature,  which  does  not  differ 
sensibly  from  that  of  the  inhabitant  of  our  more  temperate 
latitude.  The  activity  of  perspiration  is  most  probably 
proportioned  to  the  intensity  of  the  heat;  so  that  the 
Indian  and  the  Laplander  have  their  blood  at  nearly  the 
same  temperature. 


Section  III. 

TRANSFER    OP    HEAT COMMUNICATION RADIATION REFLECTION  — 

ABSORPTION EQUILIBRIUM    OP   TEMPERATURE THEORY    OF    DEW 

LAWS   OP   COOLING. 

165.  The  effects  of  heat  on  different  substances  have 
been  stated  in  the  preceding  articles;  it  now  remains  to 
trace  the  laws  according  to  which  the  heat  is  transferred 
from  one  substance  to  an  ther.  No  substance  is  absolutely 
devoid  of  heat ;  however  cold  it  may  be,  some  of  this  im- 
ponderable agent  still  exists  in  it,  and  can  be  transferred 
from  it  into  another  substance.  There  are  two  distinct 
ways  by  which  heat  can  be  transferred,  namely,  communi- 
cation and  radiation.  When  one  substance  is  warmed  by 
contact  with  another,  the  heat  is  said  to  be  transferred  bv 
communication^  as  when  the  hand  is  laid  on  a  warm  stone,  or 
the  poker  is  heated  in  the  fire ;  but  when  there  is  no  con- 
tact, as  when  wax  is  melted  before  a  fire,  the  heat  is  said 
to  be  transferred  by  raiiat'on.  It  is  in  the  latter  way 
that  the  sun  warms  the  earth,  the  heat  is  radiated  in  every 
direction,  and  when  the  progress  of  the  rays  is  not  inter- 
cepted by  dense  clouds  or  artificial  means,  the  heat  re- 
ceived is  very  intense. 
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The  different  ways  in  which  heat  is  transferred  from  a 
hot  body,  according  as  the  body  in  contact  with  it  is  solid 
or  fluids  is   so   different,  that   distinct  terms   have   been 
adopted.     When  a  bar  of  metal  is  placed  with  one  ex- 
tremity in  contact  with  some  hot  substance^  all  the  sections 
at  different  distances  from  the  heating  body  have  different 
temperatures;  the  heat  is  transferred  by  conduction  from 
one  particle  of  the  mass  to  another,  and  the  rapidity  with 
which  this  transfer  takes  place,  or  with  which  the  body 
becomes  heated  throughout  its   length,  depends  entirely 
on  the  nature  of  the  substance.     Hence  bodies  are  called 
good  and  bad  conductors.     All  the  metals  are  good  con- 
ductors ;  gold,  silver,  platinum,  and  copper,  are  much  the 
best,  and  lead  the  worst.     Marble,  porcelain,  clays,  glass, 
and  wood,  are  exceedingly  bad  conductors,  and  charcoal  is 
worst  of  all.     These  statements  may  be  verified  at  once  by 
holding  small  pieces  of  the  substances  in  the  hand  and 
touching   a  hot  body;    if  the  substance   be  a  good  con- 
ductor, the  heat  felt  will  very  soon  be  nearly  as  great  as 
that  which  would  be  experienced  directly  by  contact  with 
the  hot  body.     To  hold  a  vessel  containing  hot  water  by  a 
metallic  handle  is  extremely  inconvenient,  but  no  diflSculty 
whatever  is  experienced  if  the  handle  be  of  wood.     The 
simplest  methods  of  trying  the  conducting  power  of  differ- 
ent substances,  is  to  place  small  cylinders  of  them,  covered 
with  wax,  in  contact  with  a  vessel  of  copper,  full  of  hot 
water  or  oil.     The  heat  penetrating  the  cylinders  melts 
the  wax  to  a  great  or  small  distance,  according  to  the 
excellence  of  their  conducting  power.     The  power  of  con- 
duction depends  very  much  on  the  intimate  contact  of  the 
particles;  hence  all  substances  reduced  to  a  state  of  powder, 
wool,  silk,  feathers,  and  saw-dust,  are  very  bad  conductors. 

It  appears  from  many  very  accurate  experiments,  that 
fluids  either  do  not  conduct  at  all,  or  conduct  so  slightly 
that  the  quantity  of  heat  transferred  by  this  means  is 
almost  insensible.  For  instance,  if  a  delicate  thermometer 
be  immersed  horizontally  just  below  the  surface  of  water 
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on  wklch  a  ihifli  kftt  of  alo0lu)l  is  bunring,  the^pcMifitf^f 
tiie  mercurjr  will  scsicelj  dutnge ;  and  the  slight  iAmOigi 
which  it  does  experience^  arises  slmost  entmiy  fMatt  "hdk 
derived  indixeedy  from  the  rides  of  the  vessel.  ■  fiot  if 
heat  is  applied  to  the  lower  parts  of  a  fluid,  the  tmHSfdP  it 
very  rapid ;  this,  which  is  owing  to  the  currents  wl^dj^^aie 
excited,  is  termed  coiweeiion:*  the  flnid  immediatdjft  ^ 
contact  with  the  hot  surface  becoming  heated  expandii^  and- 
rising  up  is  succeeded  by  colder  fluid;  thus  the  heat  fir 
conveyed  away  with  the  current  which  is  created,  ht 
gases  any  diange  of  temperature  produces  currents'  more 
numerous  and  rapid  than  in  liquids,  and  we  at  present 
consider  their  power  of  conduction  as  absolutely  insenribie; 
The  warmth  of  air-tight  clothes  is  owing  to  the  non*' 
Qonducting  power  of  the  air;  communication  with  -the 
external  air  being  prevented,  there  is  very  slight  intemal 
motion  in  the  thin  layer  of  air ;  the  convection  then  of  heat 
is  almost  entirely  prevented,  and  there  being  no  conduction, 
the  only  transfer  which  can  take  place  is  by  radiation* 

166.  JRoc/to/ioiiw*— Radiant  heat  may  be  defined  as  the 
heat  which  passes  through  certain  substances,  as  light 
passes  through  transparent  media.  The  heat  of  the  sun 
in  coming  to  the  earth  traverses  the  whole  atmosphere ; 
and  if  the  air  becomes  warm,  every  one  knows  that  the 
surrounding  bodies  are  warmed  also,  and  that  their  tem*- 
perature  is  in  general  greater  than  the  temperature  of  the 
air.  A  part  therefore  of  the  solar  heat  traverses,  like 
light,  the  atmosphere  without  being  absorbed.  In  the 
same  manner  the  fire  warms  us  at  a  distance,  though  the 
air  betwixt  us  and  it  experiences  no  change  in  its  temperar 
ture;  the  air  may  remain  cool,  or  may  be  removed  and 
renewed  successively,  without  our  experiendng  any  change 
in  the  heat.  A  red-hot  ball  suspended  in  the  middle  of 
the  room  produces  an  elevation  o£  temperature  in  the  sur*- 
rounding  bodies,  and  a  sensation  of  heat  in  us,  without  the 

•  See  Proufs  Bridgewater  Treatise,  p.  65. 
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intermediate  air  undergoing  any  sensible  change.  Bodies^ 
then,  which  are  heated  to  redness,  have  the  same  property 
of  emitting  heat  all  around  them,  as  of  emitting  light. 
Thus,  from  analogy,  we  speak  of  rays  of  heat  and  radiant 
heat,  just  as  of  rays  of  light  and  radiant  light.  But  rays 
of  heat  are  emitted  from  the  body  when  it  has  lost  the 
property  of  emitting  light ;  it  still  radiates  heat,  and  the 
remarkable  fact  is,  that  this  heat  still  follows  precisely  the 
same  laws  as  the  preceding.  There  is  no  difference,  except 
in  intensity,  between  the  heat  from  a  red-hot  body  and 
from  the  same  body  cooled  to  blackness.  The  rays  are 
less  powerful  than  when  the  body  emitted  light  as  well  as 
heat,  but  they  traverse  the  air  in  both  cases  in  the  same 
manner,  and  warm  all  the  surrounding  bodies.  The  same 
kind  of  phenomena  are  produced  by  all  bodies,  whatever 
their  nature  and  temperature;  a  tin  case  filled  with  warm 
water  exhibits  the  laws  of  radiant  heat,  as  well  as  a  red- 
hot  bullet :  the  human  bodv  radiates  in  the  same  wav ;  ice 
and  bodies  colder  than  ice  possess  the  same  quality.  Thus, 
every  body  may  be  considered  in  respect  of  heat,  what  a 
lighted  candle  is  in  respect  of  light ;  all  points  of  the  flame 
emit  rays  in  every  direction;  similarly,  all  points  of  all  bodies 
emit  rays  of  heat  which  traverse  the  air,  and  are  propa- 
gated freely  until  they  meet  some  body  which  arrests  their 
progress.  It  is  of  the  utmost  importance  to  consider  well 
the  preceding  phenomena  of  radiant  heat ;  these,  together 
with  some  circumstances  hereafter  to  be  related,  seem  to 
warrant  the  hypothesis,  *  that  every 
body,  whatever  its  nature  and  tem- 
perature, is  at  every  instant  radiating 
heat  in  every  direction.' 

167.  Differential  Thermometer, — 
This  instrument,  admirably  adapted 
for  observing  the  laws  of  radiant  heat, 
is  represented  in  the  accompanying 
figure.  The  two  bulbs  are  full  of 
air,  and  the  liquid  is  sulphuric  acid 
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coloured  red ;  if  now  one  bulb  be  beated  tbe  air  will  ex« 
pand>  and  drive  tbe  sulpburic  out  of  its  tube  towards  die 
otber;  wben  tbe  temperature  is  tbe  same  in  both^  the 
liquid  will  stand  at  tbe  same  beigbt  inbotb  tubes;  but 
when  there  is  any  difference  of  temperature,  tbe  liquid  will 
stand  highest  in  tbe  cooler  tube.  It  is  tbe  difference  of 
temperature  of  the  two  bulbs  which  is  measured  by  this 
thermometer ;  bence  its  name. 

168.  Absorbing  Power. — All  bodies  have  tbe  power  of 
absorbing  more  or  less  of  the  heat  to  which  thej  are  ex- 
posed; and  these  powers  are  very  different  in  different 
bodies.  All  bodies  are  warmed  by  the  sun,  but  very  un- 
equally in  equal  times,  and  the  same  may  be  shewn  at 
once  by  tbe  differential  thermometer.  Also  the  absorbing 
power  d^ends  principally  on  tbe  nature  of  tbe  surface ; 
for  if  the  bulbs  of  the  differential  thermometer  be  exposed 
to  the  sun  or  to  any  warm  body,  one  being  in  its  natural 
state,  and  tbe  other  blackened  or  covered  with  some  v^ 
thin  substance,  the  difference  in  temperature  will  be 
greater  or  less,  according  to  tbe  nature  of  the  covering.  A 
bright  metallic  covering,  as  one  of  gold  or  silver,  almost 
destroys  the  absorbing  power,  whereas  a  thin  piece  of 
black  paper  increases  it  many  fold. 

169.  Sctfety  Lamp. — The  safety  lamp,  which  has  been 
of  such  invaluable  service  to  miners  when  working  in  an 
atmosphere  which  may  explode,  depends  for  its  safety  en- 
tirely on  tbe  rapidity  with  which  metallic  wire  absorbs 
and  conducts  heat.  Flame  is  gaseous  matter  heated  so 
intensely  as  to  become  luminous;  the  temperature  at 
which  this  luminous  appearance  is  produced  has  been 
shewn  by  Davy  to  be  far  higher  than  the  temperature 
corresponding  to  the  white  heat  of  solid  bodies.  Now 
flame  in  contact  with  wire  gauze  cannot  pass  through  it ; 
the  beat  is  absorbed  and  conducted  away  so  rapidly  by  the 
metal  that  the  temperature  of  the  luminous  gaseous  matter, 
which  was  passing  out,  is  reduced  below  that  at  which  it  can 
continue  luminous.    The  gaseous  matter,  therefore,  which 
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passes  freely  through  the  interstices  of  the  wire>  though 
still  very  hot>  is  no  longer  incandescent.  The  temperature 
of  the  gas,  provided  it  be  below  incandescence^  may  b0 
any  whatever^  for  it  was  ascertained  by  Davy,  that  the 
strongest  explosive  mixture  may  come  into  contact  with 
iron  heated  to  redness,  or  even  to  whiteness,  without  an 
explosion  taking  place,  provided  the  bodies  are  not  in  a 
state  of  actual  combustion.  But  the  smallest  point  of 
flame>  owing  to  its  higher  temperature^  instantly  causes  an 
explosion. 

170.  Reflecting  Power. — By  the  reflexion  of  heat  we 
mean  to  express  the  faculty  which  all  surfaces  have  in  a 
greater  or  less  degree^  of  conveying  the  heat  in  a  particu- 
lar direction  in  preference  to  all  other  directions.  This 
direction  h  such  that  the  angle  of  reflexion  is  equal  to  the 
angle  of  incidence.  Light,  as  we  shall  see  hereafter^  obeys 
in  this  respect  precisely  the  same  laws ;  and  it  is  found, 
that  if  any  warm  body  be  placed  in  the  focus  of  a  parabolic 
mirror,  the  rays  will  be  reflected  parallel  to  the  axis ;  that 
if  another  mirror  be  placed  so  as  to  receive  these  rays,  they 
will  be  collected  in  its  focus,  and  the  concentration  of  heat 
at  this  point  may  be  proved  by  the  fact  of  the  ignition  of 
a  piece  of  tinder.  The  reflecting  power,  as  well  as  the 
absorbing  power,  depends  on  the  nature  oi  the  body,  and 
on  the  state  of  the  surface.  If  the  mint)rs  are  not  well 
polished,  or  if  they  are  the  least  dull,  they  will  not  bring 
the  heat  to  a  focus  in  sufficient  intensity  to  produce 
ignition.  These  two  powers  have  a  manifest  connexion; 
the  rays  which  are  not  reflected  must  be  absorbed ;  hence  it 
is  generally  said,  that  reflecting  power  varies  inversely  as 
the  absorbing  power,  or  that  one  is  the  complement  of  the 
other ;  but  whatever  be  the  exact  law,  it  is  certain  that  those 
surfaces  which  reflect  best  absorb  worst,  and  conversely; 
the  circumstances  with  respect  to  heat  being  the  same. 

171.  Radiating  Power* — The  radiating  or  emissive  power 
is  the  faculty  which  all  bodies  have  of  radiating  or  emitting 
heat  in  all  directions  (Art.  166),  just  as  luminous  bodies 
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emit  light.  The  existence  of  this  faculty  is  shewn  by  the 
existence  of  radiant  heat>  and  we  must  examine  upon  what 
circumstances  it  depends.  The  radiating  power  depends 
entirely  on  the  state  of  the  surface;  it  is  less  in  proportion 
as  the  surface  is  bright  and  polished,  and  greater  as  the 
surface  is  striated  and  rough.  This  may  be  shewn  at  once 
by  the  following  experiment.  Let  a  square  box  of  metal^ 
having  its  surfaces  of  very 
different  degrees  of  polish,  be 
placed  before  a  spherical 
mirror,  in  whose  focus  is 
placed  a  bulb  of  the  differ- 
ential thermometer.  Let 
the  box  be  filled  with  warm 
water ;  then  every  face  will 
have  the  same  temperature, 

and  on  presenting  different  faces  the  different  effects  will 
be  seen.  The  least  polished  surface  will  produce  twice  or 
three  times  as  great  an  elevation  as  the  most  polished  sur* 
faces,  and  the  other  faces  will  produce  intermediate  effects. 
From  this  it  appears  that  the  same  substance  will  have  at 
the  same  temperature  very  different  radiating  powers, 
according  to  the  state  of  its  surface,  and  will,  consequently, 
lose  by  radiation  very  different  quantities  of  heat  in  the 
same  time.  The  radiating  powers  of  different  substances 
can  be  readily  ascertained  by  attaching  thin  layers  of  the 
substances  to  the  sides  of  a  cube  of  very  thin  metal,  as  in 
the  preceding  experiment.  If  the  surface  be  smoked  or 
blackened,  the  radiating  power  is  the  greatest  known ;  thus 
the  radiating  power  of  soot  being  taken  as  the  standard, 
that  of  other  substances  may  be  compared  with  it  by 
observing  the  effects  on  the  thermometer.  Care  must  be 
taken  that  the  layers  are  very  thin,  so  as  readily  to  acquire 
the  temperature  of  the  water.  When  a  polished  metal 
surface  is  wetted  with  any  liquid,  as  water,  oil,  ^c,  its 
emissive  power  is  increased  instantly  in  a  very  great  de- 
gree ;  any  layer  of  varnish  produces  a  similar  effect;  and. 
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what  is  remarkable^  a  second  and  third  layer  are  attended 
with  similar  results  up  to  a  certiain  thickness.  From  thii 
it  appears,  that  the  rajs  of  heat  start  not  only  from  the 
surface,  but  from  a  sensible  depth  below  the  surface.  This 
being  the  case  with  the  radiated  heat^  the  absorbed  heat 
must  be  subject  to  similar  laws,  and  a  varnished  mirror 
must  reflect  less  than  a  naked  polished  mirror.  Such  is 
found  to  be  the  case,  and  it  reflects  less  the  thicker  the 
varnish.  Hence  it  follows^  that  reflection  must  take  place 
at  a  certain  depth  below  the  mathematical  surface  of  the 
last  layer  of  varnish ;  for  if  it  took  place  at  this  surface,  it 
must  be  the  same^  whatever  the  thickness  of  the  layer. 
From  the  preceding  we  may  conclude  that  the  best  radiators 
are  the  worst  reflectors,  and  conversely ;  and  also  that  the 
absorbing  and  radiating  powers  of  any  surface  are  equal. 

172.  Equilibrium  of  Temperature, — The  radiation  of 
heat  has  already  been  enunciated  in  the  form  of  a  general 
law  (Art.  166) ;  from  this  we  may  easily  pass  to  the  beau- 
tiful theory  of  Prevost,  '  that  the  temperature  of  a  body 
falls  when  it  radiates  more  than  it  absorbs,  and  rises  when 
it  absorbs  more  than  it  radiates.'  Thus  the  temperature  is 
always  tending  to  equilibrium.  The  analogies  between 
heat  and  light  furnish  a  presumption  in  favour  of  this 
theory ;  but  the  beautiful  explanation  which  may  be  de- 
rived from  it  of  numerous  phenomena,  apparently  very  con- 
tradictory, gives  to  it  a  consistency  and  evidence  possessed 
by  none  other.  The  equilibrium  is  established  when  the 
thermometer  becomes  stationary ;  for  then  the  interchange 
of  radiation  which  takes  place  is  exactly  equal,  the  ther- 
mometer appropriates  by  absorption  just  as  much  as  it  loses 
by  emission  ;  hence  it  follows,  that  in  a  state  of  equilibrium 
the  absorbing  power  is  always  equal  to  the  radiating 
power,  as  we  have  already  seen.  There  is  then  in  every 
case  an  exchange  or  compensation,  more  or  less  complete ; 
and  that  body  which  is  gaining  by  this  exchange  rises, 
and  that  which  is  losing  falls,  in  temperature.  This 
theory  renders  all  h3rpotheses  respecting  frigorific  rays  per- 
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fectly  unnecessary.  The  sensation  of  cold  arises  enthelj 
from  the  fact  that  our  bodies  are  radiating  more  than  thej 
are  absorbing ;  their  temperature  consequently  falls^  or  the 
sensation  of  cold  is  produced. 

But  the  remarks  which  have  just  been  made  are  not  to 
be  restricted  to  radiant  heat  The  heat  which  is  trans- 
ferred by  conduction  or  immediate  contact,  is  subject  to 
the  same  law,  so  that  it  is  impossible  for  bodies  which  afe 
near  each  other  to  be  of  different  temperatures,  unless  the 
hotter  body  is  constantly  receiving  from  some  source  a 
fresh  supply  of  heat.  The  tendency  to  an  equilibrium  of 
temperature  is  one  of  the  general  laws  to  whidi  all  matter 
is  subject. 

173.  Apparent  Reflection  or  Radiation  ofCohL. — If  the 
hot  body  which  was  referred  to  in  a  preceding  experiment 
(Art.  171.)  be  replaced  by  a  piece  of  ice,  the  thermometer, 
whose  bulb  is  in  the  focus  of  the  mirror,  will  sink  as 
rapidly  as  it  previously  rose.  This,  or  the  preceding  effect, 
may  be  shewn  more  decidedly  by  placing  the  body  in  the 
focus  of  another  mirror,  as  represented  in  the  accompanying 
figure. 


Suppose  that  a  b,  a'  b',  represent  two  spherical  mirrors  ; 
that  the  bulb  of  a  thermometer  is  in  the  focus  f  of  a  b, 
and  a  small  lump  of  ice  in  the  focus  f'  of  a'  b'.  The  ther- 
mometer will  sink  very  rapidly,  if  it  is  of  a  higher  tem- 
perature than  32°  F  .  The  thermometer  is  here  the  hot 
body,  and  being,  in  the  interchange  of  heat>  the  loser,  that 
is,  radiating  more  than  it  can  absorb,  its  temperature  falls. 
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and  the  more  rapidly  in  proportkul  to  the  excesi  of  itfi 
temperature  above  the  temperature  of  the  ioe.  It  was  bf 
tills  experiment  that  the  supposed  existence  of  frigorific 
rays  was  principally  supported ;  but  we  have  seen  in  the 
preceding  article  that  there  is  no  necessity  for  any  such-  an 
hypothesis ;  the  rapid  fall  of  temperature  which  any  body 
must  experience  when  it  radiates  more  than  it  absorbs, 
furnishing  a  complete  explanation  of  this  and  all  other 
similar  phenomena. 

The  sensation  of  chill  which  we  experience  in  standing 
before  a  large  mass  of  ice  in  warm  weather,  is  evidently 
owing  to  the  cooling  which  is  the  necessary  consequence  of 
the  excess  of  radiation^  which  is  going  on  from  our  bodies. 
Hence  our  temperature  falls,  and  the  sensation  of  cold  is 
produced.  The  radiated  heat  passes  through  any  sub- 
stance which  may  be  interposed,  but  with  different  degrees 
of  rapidity.  A  screen  of  glass  placed  between  the  fire  and 
the  thermometer  does  not  much  affect  the  ready  trans- 
mission of  heat  by  radiation ;  and  the  glass  itself  experi- 
ences but  a  small  rise  in  temperature ;  the  same  is  the  case 
with  a  thin  sheet  of  mica.  Since,  however,  some  light  is 
absorbed  by  the  most  transparent  bodies,  we  may  conclude 
from  analogy,  and  verify  it  also  by  experiment,  that  some 
radiant  heat  is  absorbed,  whatever  be  the  medium  which  it 
traverses.  The  experiments  of  De  Laroche  have  led  to  some 
remarkable  results.  It  appears  that  the  radiant  heat  from 
bodies  at  high  temperatures  passes  more  readily  through 
transparent  media,  and  is  less  abiorbed,  than  from  bodies  of 
a  low  temperature;  for  instance,  a  glass  screen  stopped 
IJ*'  of  the  rays  of  heat  emitted  from  a  body  of  180%  but 
only  ^^^  of  the  heat  from  a  body  at  400°,  and  only  one-half 
the  heat  from  the  flame  of  a  lamp.  Also,  the  radiant  heat 
is  absorbed  in  less  proportion  in  traversing  a  second  or 
third  layer  of  glass  than  in  traversing  the  first.  It  appears 
probable  that  this  singular  property  extends  to  all  trans- 
parent media.  Thus,  the  rays  of  heat  which  traverse  a 
mass  of  air  of  certain  thickness  experience  a  less  and  less 
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absorption  at  each  sucoesnye  stratum,  and  that,  ooiise- 
quently,  radiant  heat  maj  be  propagated  to  very  great 
distances,  without  being  completely  extinguished. 

174.  Cold  of  Clear  Nights. — The  preceding  principles 
will  enable  us  to  eiplain  certain  phenomena  with  which 
every  one  is  acquainted^  and  respecting  which  great  miscon- 
ception prevails ;  thus  the  cold  of  dear  nights,  especiaDj 
when  the  moon  shines  bright,  has  been  referred  to  various 
hypothetical  causes,  and  especially  to  the  existence  of 
frigorific  rays;  but  it  may  be  viewed  as  the  immediate 
consequence  of  the  preceding  laws  of  radiant  heat.  Th6 
earth,  our  bodies,  and  every  substance  about  us,  is  radiating 
heat  into  the  immensity  of  surrounding  space ;  this  heat 
passes  most  readily  through  the  air,  and  if  it  meets  with 
no  absorbing  medium,  as  a  dense  watery  doud,  it  for  the 
time  passes  away  entirely  from  our  earth.  Thus,  when 
the  sky  is  clear  there  is  no  interchange  of  radiation  ;  our 
earth  and  the  bodies  upon  it  are  rapidly  giving  out  heat 
into  the  space  above  us,  but  receive  none  from  it;  hence 
the  temperature  of  all  these  radiating  masses,  and  especially 
of  our  bodies,  which  have  a  temperature  of  many  degrees 
above  the  surrounding  masses,  falls  very  rapidly,  and  an 
acute  sensation  of  cold  is  produced.  But  if  the  sky  above  us 
is  covered  with  thick  douds,  there  is  a  constant  interchange 
(ji  radiation,  the  earth  radiates  heat  to  them,  and  they  ra- 
diate heat  to  us,  so  that  the  change  of  temperature  takes 
place  much  more  gradually.  When  the  moon  and  stars  shine 
with  great  brightness  the  atmosphere  is  very  dear,  and 
then  only  can  this  rapid  diminution  of  temperature  take 
place ;  hence  the  shining  of  the  moon  and  stars,  whose  fri- 
gorific rays  are  sometimes  supposed  to  be  the  cause  of  our 
chilly  sensations,  is  the  consequence  of  that  state  of  the  sky 
above  us  which  admits  of  the  diminution  of  temperature 
by  exdusive  radiation  from  us  upwards,  thus  producing 
the  sensation  of  cold.  In  cloudy  nights  the  moon  and  stars 
are  not  visible ;  the  clouds  radiate  back  heat  to  us.  Thus, 
the  existence  of  clouds,  which  prevents  our  seeing  the 
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heavenly  bodies,  prevents  also  our  experiencing  the  sensa- 
tions of  cold  produced  by  a  rapid  diminution  of  tempera- 
ture. 

There  are  many  other  illustrations  of  the  preceding 
principles  which  must  suggest  themselves  to  the  mind  of 
every  observer  of  nature.  Whence  can  arise  the  protection 
furnished  by  a  thin  layer  of  straw  over  a  bed,  or  a  thin 
mat  over  the  glass  of  a  conservatory,  or  placed  before  deli- 
cate plants  and  flowers?  There  is  no  warmth  in  them, 
but  they,  by  the  interchange  of  radiation  which  is 
going  on  between  every  neighbouring  body,  prevent  that 
rapid  diminution  of  temperature  which  would  be  destruc- 
tive to  their  existence.  The  slightest  substance  produces 
most  sensible  effects ;  if  a  thermometer  be  brought  into  the 
air  on  a  clear  night  it  will  fall  very  rapidly,  but  the  rate  of 
its  fall  will  be  most  sensibly  diminished  by  extending  a 
thin  handkerchief  as  an  awning  above  it. 

175.  Deposition  of  Dew. — The  deposition  of  dew  on 
the  surfaces  of  some  bodies  under  certain  states  of  the 
atmosphere^  and  its  non- deposition  on  other  bodies  and 
under  other  circumstances^  furnishes  a  most  beautiful  illus- 
tration of  the  preceding  principles.  Dew  is  vapour  con- 
densed on  the  surface  of  the  body ;  it  does  not  fall  like 
rain  and  rest  there,  but  its  existence  depends  entirely  on 
the  power  which  the  surface  has  of  becoming  sufficiently 
reduced  in  temperature  to  effect  this  condensation.  Every 
one  has  observed  the  deposition  of  dew  on  glasses  which 
are  brought  into  a  warm  room,  or  when  cold  water  is 
poured  into  them;  this  is  an  instantaneous  effect^  which 
taking  place  suddenly  soon  passes  away.  The  explanation 
is  very  simple.  Vapour  is  always  present  in  the  atmo- 
sphere, but  sometimes,  and  in  some  places,  it  is  much  more 
abundant  than  in  others,  and  it  is  more  abundant  the 
higher  the  temperature  of  the  air  or  of  the  water  from 
which  it  is  formed.  Suppose  now  that  a  cold  surface,  as 
of  a  glass  tumbler,  is  brought  into  a  room  of  higher  tem- 
perature, and  in  which  there  is,  consequently,  an  abundance 
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of  aqueous  vapour;  the  air  and  the  vapour  which  is 
difibsed  through  it^  coming  in  contact  with  the  cold  glass, 
is  dlilled>  the  vapour  is  condensed  upon  the  surface^  and 
dew  is  formed.  But  the  glass  will  soon  acquire  the  tem- 
perature of  the  surrounding  bodies,  and  then  this  vapour^ 
which  was  condensed  on  its  surface,  will  assume  its  m" 
raible  form,  and  the  glass  will  be  again  clear.  The  same 
eflRsct  is  produced  on  pouring  cold  water  or  cold  wine  into 
BtDj  vessel ;  the  external  surface  is  suddenly  chilled,  and  the 
vapour  in  immediate  contact  with  it  is  suddenly  condensed; 
the  equilibrium  of  temperature  is  however  rapidly  re- 
stored, and  the  vapour  reassumes  its  invisible  form. 

This,  which  may  take  place  at  any  instant  in  every  room, 
{irovided  a  sufficiently  cold  surface  be  brought  into  it^  fre- 
quently takes  place  on  a  large  scale  in  the  wide  field  of 
nature,  and  gives  rise  to  the  beautiful  phenomena  of  dew, 
which  stands  in  pearly  globules  on  every  blade  of  glass, 
MOd  to  the  crystals  of  hoar-frost,  which  shine  with  such 
splendour  in  the  morning  sun.  Dew  is  only  deposited  on 
those  surfaces  which  radiate  freely ;  glass,  the  thread  of  the 
gossamer,  wool,  and  all  leaves  are  covered  with  dew ;  these 
are  all  good  radiators;  but  a  polished  metal  plate  will 
have  scarcely  any  deposited  upon  it.  The  temperatures  of 
the  surfaces  fall  in  proportion  to  the  amount  of  their  radi- 
ation ;  hence  the  condensation  of  the  vapour  which  comes 
in  contact  with  them,  or  the  deposition  of  dew  upon  them, 
is  in  the  same  proportion.  The  large  pearly  drops  on  the 
leaves  of  a  cabbage  must  arrest  the  attention  of  every  ob- 
server, and  in  their  existence  he  sees  at  once  evidence  of 
the  e3(cessive  radiation  of  the  leaf,  and  of  the  molecular 
attraction  by  which  the  particles  of  the  body  cohere 
together  so  as  to  assume  their  particular  forms. 

It  is  specially  to  be  observed,  that  dew  is  never  deposited 
on  cloudy  nights  ;  the  presence  of  the  clouds  prevents  the 
requisite  diminution  of  the  temperature.  Any  similar 
circumstance  prevents  the  deposition  of  dew ;  the  neigh- 
bouring trees  interfere  most  materially  with  it;  hence  it 


SBGT.  III.  LAWS  OF   RADIANT  HEAT.   '  263 

is  much  less  abundant  in  a  garden  than  in  an  open  field 
where  no  surrounding  bodies  interfere  with  the  diminution 
of  temperature  by  their  interchange  of  radiation.  One 
remarkable  case  is  mentioned  by  Wells^  to  whom  we  are 
entirely  indebted  for  the  preceding  theory ;  the  tempera* 
ture  of  a  grass-plot  at  half-past  nine  was  32°  F. ;  at  twenty 
minutes  later^  the  sky  having  become  overcast,  the  ther- 
mometer rose  to  39*^  F.,  and  when  the  clouds  disappeared 
it  sunk  again  to  32**  F.  The  clouds  were  evidently  the 
sole  cause  of  this  effect,  they  restored  heat  to  the  grass* 
plot;  and  the  thinnest  cambric  handkerchief  stretched 
above  the  thermometer  near  the  ground  will  produce  a 
similar  effect.  Again^  the  night  must  be  tolerably  calm  for 
a  good  deposition  of  dew ;  a  slight  breeze^  from  the  assist* 
ance  which  it  gives  to  evaporation,  does  not  interfere  with 
the  deposition ;  in  some  cases  it  may  be  favourable ;  but  on 
a  windy  night  little  dew  is  deposited.  The  wind  re- 
stores the  equilibrium  of  temperature  by  the  heat  which 
is  transferred  by  convection,  and  when  there  are  any 
clouds  to  assist  still  farther  in  restoring  the  heat^  no  dew 
whatever  can  be  deposited. 

The  vapour  having  been  condensed  on  those  surfaces 
whose  temperature  has  fallen  sufficiently^  is  collected  into 
small  drops  by  the  molecular  forces.  The  state  of  the 
liquid  on  the  condensing  surface  as  to  the  shape  and  size  of 
its  particles,  will  depend  on  the  relative  intensity  of  the 
forces  of  cohesion  and  adhesion  (Art.  6).  When  the 
force  of  cohesion,  that  is,  the  attraction  which  subsists 
between  the  particles  of  the  fluid  and  the  body^  is  small> 
the  drops  will  be  very  nearly  accurate  spheres ;  in  other 
cases  the  liquid  will  be  collected  in  the  small  interstices  of 
the  leaves.  It  will  always  participate  in  the  changes  of 
temperature  to  which  the  surface  is  subject ;  hence,  if  the 
temperature  be  raised  by  the  passage  of  a  doud,  the  dew 
will  return  to  the  state  of  invisible  vapour,  and  by  the 
morning  it  may  have  entirely  disappeared;  if  the  sky  con- 
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dnues  clear,  the  surface  may  be  reduced  to  as  low  a  tem- 
perature as  32o  F.,  and  the  dew  will  then  be  congealed,  or 
present  the  well-known  appearance  of  hoar-frost. 

It  appears  then  that  dew,  under  whatever  circumstances 
produced^  is  the  aqueous  vapour  of  the  atmosphere  con- 
dense on  surfaces  whose  temperature  is  sufficientlj  low 
for  the  condensation  of  the  vapour. 

176.  Laws  b/  Cooling. — If  a  body  whose  temperature 
is  (Considerably  above  that  of  the  surrounding  bodies  be 
situated  in  vacuo^  the  only  way  in  which  it  can  lose  its 
heat  is  by  radiation ;  but  when  it  is  surrounded  by  air  it 
also  loses  by  communication,  that  is,  by  convection,  and  iii 
a  Very  slight  degree  by  conduction.  The  surrounding  air 
being  warmed  rises  up  and  is  replaced  by  colder  ah*. 
Thus,  the  cooling  of  a  body,  which  is  the  combined  efiect 
of  the  radiation  and  communication,  depends  on  several 
drcuinstances,  as  the  radiating  power  of  the  body,  the 
excess  of  temperature,  the  state  of  the  air;  and  the  law 
is  consequently  very  complicated.  It  will,  however,  be' 
perfectly  understood  from  the  preceding  principles  why 
two  bodies  equally  warm  may  lose  unequal  quantities  of  heat 
in  the  same  time.  When  the  radiating  hot  body  is  sur- 
rounded by  bodies  whose  temperature  is  much  lower  than 
itself,  the  heat  which  it  receives  from  the  interchange  of 
radiation  is  exceedingly  small,  and,  consequently,  its  tem- 
perature falls  very  rapidly.  The  rate  at  which  the  tem- 
perature diminishes  must  evidently  depend  on  the  excess  of 
the  temperature  of  the  body  above  the  temperature  of  the 
surrounding  bodies ;  and  the  law  according  to  which  this 
takes  place  may  be  expressed  at  once  by  a  simple  mathema- 
tical formula.  This  part  of  the  cooling  of  a  body,  or  that 
which  is  due  to  radiation,  depends  in  a  great  measure  on 
the  nature  of  the  surface  of  the  radiating  body,  as  has  been 
already  explained  (Art.  171).  The  cooling  which  arises 
from  conduction  and  convection  will  depend  on  several 
causes,  which  may  be  briefly  pointed  out.     If  the  hot  body 
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is  placed  on  a  stand  so  as  to  be  in  contact  with  any  sub- 
stance wliicli  is  a  good  conductor,  the  heat  transfezred 
away  by  this  cause  will  be  considerable.  But  when  the 
body  is  in  a  dose  vessel  surrounded  by  air,  the  cooling  due 
to  this  cause  will  be  exceedingly  slow,  since  air  at  rest  ia^ 
a  very  bad  conductor.  When^  however,  fresh  air  can  coJXLe. 
in  contact  with  a  body^  the  heated  air  rising  up  causes  a 
constant  circulation,  and  the  heat  transferred  by  convection 
is  far  more  considerable  than  that  transferred  in  any  other, 
manner.  The  state  of  the  air,  its  elastic  force,  and  many 
other  causes^  have  an  influence  on  the  cooling  of  a  body 
suspended  in  it.  The  complete  law  of  cooling,  that  is,  an 
expression  which  shall  include  all  those  various  elements, 
and  give  the  rate  at  which,  under  any  circumstances,  the 
temperature  of  a  body  will  fall,  is  a  very  difficult  problem; 
some  progress  has,  however,  of  late  years  been  made  to- 
wards determining  it  by  the  researches  of  Leslie,  Fourier, 
amd  others. 


Section    IV. 

SPECIFIC  HEAT CALORIMETER METHOD    OF    MIXTUBKS— SPECIFIC 

HEAT    OF    GASES — CONSEQUENCES. 

177.  The  researches  into  the  quantity  of  heat  which  a 
body  contains,  and  the  measure  of  it,  are  founded  on  the  self- 
evident  principle,  or  axiom,  that  to  produce  the  same  effect 
the  same  quantity  of  heat  will  always  be  necessary.  Thus, 
if  a  pound  of  iron  passes  by  any  means  from  a  temperature 
of  60°  to  70^  we  are  sure  that  it  is  because  of  the  same 
quantity  of  heat  having  passed  into  it,  whether  that  heat 
comes  from  the  sun,  or  from  the  contact  or  radiation  of  any 
body  whatever.     Similarly,  a  pound  of  ice  always  requires 

2a 
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tbii  ilame  quantity  of  heat  to  fuse  it,  under  wliatev«r  dr- 
cdikistancefl  the  fusion  takes  place,  and  a  pound  of  water 
at  il2°  F.  requires  the  same  quantity  of  heat  to  evaporate 
it,  whether  the  eraporation  j[)e  slow  or  rapid.  That  the 
effect  may  he  the  same,  it  is  not  always  sufficient  that  tfat 
maMes  should  he  equal,  and  the  material  the  same;  hot 
the  matter  heing  identical  in  its  nature,  must  he  idonlicnl 
also  in  the  arrangement  of  its  particles.  Thus,  tw<ii  equal 
masses  of  iron  differently  worked,  that  is,  one  of  which  haa 
been  more  forged  than  the  other,  will  require  dsfibteot 
quantities  of  heat  to  raise  their  temperature  from  60^  to 
70^.  Two  equal  masses  of  ice  will  require  different  qttao** 
tities  of  heat,  if  one  is  solid  or  compact,  and  the  other  enow 
or  pounded  ice.  Also,  the  same  quantity  of  water  itiA 
require  different  quantities  of  heat  to  evaporate  it,«ceordiBg 
as  the  evaporation  takes  place  at  32^  F.  or  at  212^  F^  AH 
these  differences  are  due  to  the  different  arrangefiieiit 
which  exists  among  the  particles.  On  this  fundamental 
principle  we  may  compare  the  actual  quantities  of  heat 
whenever  it  can  be  applied  in  succession  to  produce  the 
same  effect,  that  is,  to  elevate  the  temperature  of  a  body,  to 
liquify  a  solid,  or  to  evaporate  a  liquid.  But  dnce  it  is 
necessary  for  this  purpose  that  the  heat  go  out  of  the  body 
in  which  it  is,  and  pass  into  the  body  in  which  it  is  to 
produce  one  of  these  effects,  it  follows,  that  we  can  never 
compare  the  total  or  absolute  quantities  of  heat  which 
a  body  possesses,  for  we  can  never  deprive  it  of  all  ifts  heat. 
Our  measures  are  confined  to  those  quantities  of  heat  which 
we  can  make  a  body  give  out. 

178.  Specific  Heat.  *^  One  substance  is  said  to  htLte 
greater  or  less  capacity  for  heat  than  another,  aocof^iing 
as  it  requires  more  or  less  heat  to  produce  a  given  change  hi 
its  temperature ;  and  this  quality  in  respect  of  heat  k  called 
the  specific  heat  of  the  substance.  The  capacity  is  constant 
when  an  equal  weight  of  a  substance  requires  an  eqnal 
quantity  of  heat  to  raise  it  V  in  all  parts  of  the  thermometric 
scale,  that  is,  when  it  requires  the  same  quantity  to  make 
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it  psM  irom  1°  to  2%  bom  2°  to  3°,  from  100°  to  101°.  and 
■o  on.  Thus,  iron  for  example  bu  not »  comtant  capacitj', 
but  s  Hpacity  which  is  TamUie  and  inixeaeiDg;  for  a 
pottivd  of  iron  requirct  one  qiuntily  o(  hevt  to  raw  !(■ 
tenpentare  fras  40°  to  41%  and  ft  greater  quanti^  to  j^aiie 
it  from  100°  to  IQK  Hetux  the  specific  h«at  of  iron  » 
^leater  at  high  than  at  low  tempexatijies.  The  ratio  of 
the  o^Mcitiu  of  any  substance  at  two  pdnts  of  the  scale 
is  tho  ntio  of  the  quantitiei  a£  heat  which  it  requires  at 
each  of  these  p(«nts  for  equal  chaugcfl  of  temperature. 
The  ratio  of  these  capadtaes  it  the  same  as  ^e  ratio  of  the 
■peofio  heats.  The  c^ncitiDB  of  all  subitaacet  are  referred 
to  water  as  the  unity.  Thus,  when  the  capacilj  of  a  sub* 
stance  is  said  to  be  2, 3, 4,&c.,  it  means  that  its  capacity  is 
3, 3, 4,  &C.,  times  that  of  wato-.  In  the  same  manner  and 
in  the  sane  sense  we  should  say  Uiat  ibe  specific  h^at  ot  a 
«ifl2,3,4,&c  The  preceding  terms  will  be  fuUy 
d  after  the  methods  which  are  emidoyed  to  deter- 
mine the  qtiBQtities  in  question  have  been  explained. 

179.  Cd/orxmcler.— This  io- 
strument  oonsittt  of  three  ves- 
flek  ef  aiiertiton  or  tin  placed 
within  each  other;  the  space 
between  the  twA  extarior  ve^. 
sals  is  filled  with  pounded  ice. 
The  walar  &om  the  ice  in  the 
fost  iatenal  can  be  drum  off 
hf  a  sti^oock  a,  and  tJiat  from 
the  second  by  a  stop.eock  b, 
■nail  gratings  bang  placed  to 
prevent  the  ice  &om  stc^^iisg 

the  pasMges.  The  external  beat  will  evideatly  be  arrested 
by  the  fitet  layer  of  ice,  and  never  reach  the  second  layer  ; 
lint  internal  best,  or  that  arisiiig  from  the  vessel  d,  that 
is,  &om  whatever  substance  is  placed  in  it,  can  never  reach 
Ae  SKtemal  layer  D,  but  will  be  wholly  absorbed  by  v. 
The  ejrtcmal  heat  wiU  be  wholly  employed  in  melting  the 
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hSe  in  c,  and  the  internal  in  melting  the  ice  in  n ;  the 
Water  produced  will  be  drawn  off  and  measured  at  a  audi. 
The  method  then  of  using  this  instrument  will  be  at  once 
apparent.  Suppose  we  wi^  to  know  whether  the  capacity 
of  iron  is  constant;  an  iron  ball  is  heated  to  100°^  put  into 
the  interior  vessels^  and  the  covers  are  adjusted  as  quiddy-as 
possiUe.  The  water  which  is  melted  during  the  co^ng 
of  the  ball  to  32''  is  measured.  The  ball  being  heated  to  800^ 
or  dOO"*,  the  experiment  is  repeated.  The  quanti^  of  heat 
given  out  is  as  the  quantity  of  ice  melted,  that  is,  as  tiie 
quantity  of  water  obtained.  It  will  be  found  that  the 
water  melted  is  not  as  the  numbers  1,  2,  3,  &c.«  but  is  a 
greater  ratio;  hence  it  follows,  that  the  capacity  of  iioi 
increases  with  the  temperature. 

The  capacities  of  different  substances  are  determined  by 
heating  them  to  the  same  temperature,  and  measuring  the 
water  which  they  furnish  in  falling  to  the  temperatuie 
32°  F.  If  they  are  all  of  the  same  weight,  their  capacities 
are  as  the  quantities  of  water  whidi  come  away ;  if  not, 
the  ratio  of  their  weights  must  be  ascertained. 

180.  Method  of  Mixtures. — In  this  method  two  different 
substances  are  always  employed ;  a  warm  body  which  cools 
and  a  cold  body  which  becomes  warm,  so  that  the  heat  whidi 
goes  out  of  one  is  employed  in  raising  the  temperature  of 
the  other.     Suppose,  for  example,  that  a  pound  of  mei^ 
cury  at  100°  and  a  pound  of  water  at  60°  are  mixed 
together,  the  mercury  will  be  cooled  and  the  water  warmed, 
80  that  the  mixture  will  have  a  temperature  different  from 
that  either  of  the  mercury  or  the  water.     If  equal  quan- 
tities of  the  same  substance  are  mixed  together,  one  will  be 
as  much  cooled  as  the  other  is  warmed;  thus^  if  equal 
quantities  of  water  at  100°  and  at  50°  be  mixed  together,  the 
temperature  of  the  mixture  will  be  75°,  and  so  for  any 
other  substance.     But  the  result  is  very  different  if  dif- 
ferent  substances  be  mixed  together,  as  the  following  ex- 
periment most  distinctly  shews.    Let  a  pound  of  mercury 
at  160°  and  a  pound  of  water  at  40°  be  mixed  together ;  the 
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temporatuie  of  th/e  mizture  vdU  Jhe  45'' ;  thus^  although  the 
mercury  loses  115%  the  water,  gains  wly&*4  die  capacity 
therefore  of  water  £qt  heat^ui  compared  wi^  that  a£  n^er- 
€ury  is  115  to  5,  or  23  to  1.  Again,  let  a  pound  of  water 
at  160^  be  mixed  with  a  pound  of  mercury  at  40%  the 
temperature  of  the  mixture  will  be  155"*;  thus  the  water 
loses  5"*  but  the  mercury  gains  115°;  oi^  the  relafei^  ca- 
pacities of  water  and  mercury  for  heat  are  expressed  by  the 
numbers  115  and  5,  that  is,  by  23  and  1.  In  order^  there- 
forcj  to  increase  the  temperatures  of  equal  weights  of 
water  to  the  same  extent,  the  water  will  require  23  tun^s 
more  heat  than  the  mercury.  Water  being  taken  as  the 
standard,  its  specific  heat  is  called  unity,  hence  the  specific 
heat  of  mercury  will  be  r^resented  by  ^,  for  it  only 
requires  -^^  the  same  quantity  ci  heat  to  raise  the  same 
quantity  of  mercury  by  one  degree,  as  it  requires  for  wdter. 
This  method  may  be  adopted  for  any  other  substances 
which  can  be  mixed  together. 

181.  Specific  Heat  qfGases.^^The  deter^nination  of  the 
specific  heat  of  gases  is  a  very  difficult  question,  and  the 
results  hitherto  obtained  have  not  all  the  certainty  which 
we  could  desire  ;  some,  however,  are  of  too  great  import- 
ance  to  be  omitted.  It  appears  that  the  specific  heat  of 
equal  weights  of  the  same  gas  varies  as  the  density  and  the 
elasticity*  Thus,  when  100  measures  of  air  are  expanded 
by  diminished  pressure  to  200  measures,  its  specific  heat 
is  increased,  and  when  the  same  quantity  is  compressed  into 
50  measures,  its  specific  heat  is  diminished.  Again,  any 
change  in  specific  heat  is  always  accompanied  by  a  change 
in  the  temperature.  Increase  in  the  former  is  attended 
by  diminution  of  the  latter,  and  decrease  in  the  former  by 
increase  in  the  latter.  Thus  in  the  preceding  instance  the 
specific  heat  of  the  100  measures  of  gas  is  increased  on  their 
being  expanded  into  200  measures,  but  there  would  be  a 
considerable  diminution  of  temperature.  This  may  be 
shewn  on  a  small  scale  by  an  air-pump;  a  thermometer 
placed    under  the  receiver  of  an  air-pump  in  a  flaccid 
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Uadder^  that  is,  in  a  bladder  containing  a  fmall  qttuntiiy 
:of  air^  will  indicate  cold  pioduced  at  every  atn^  of  tiie 
pump.  The  air  within  the  bladder  dilates  at  every  stodt^i 
itt  specific  heat  is  increased,  and  its  tempentture  dimi- 
nished. This  diminished  temperature  will  be  onljr  ia- 
stantaneous^  for  the  equilibrium  will  be  restored  b/.the 
radiation  of  the  surrounding  bodies^  so  that  the  th^moo- 
meter  will  return  almost  immediately  to  its  former.  «t8t^. 
On  the  contrary,  when  air  is  compressed,  the  correap<nidiog 
diminution  in  its  specific  heat  gives  rise  to  an  increase  .|a 
temperature.  Of  these  facts  we  shall  have  oocasion  to 
speak  hereafter^  but  their  explanation  must  be  obvioudy 
derived  from  the  doctrine  of  latent  heat ;  when  the  air  is 
dilated,  heat  becomes  insensible  which  was  previously  sea- 
.  sible;  when  air  is  compressed^  heat  becomes  sensible  which 
/was  previously  insensible ;  this  latter  fact  is  often  stated  by 
laying,  that  heat  is^  as  it  were,  squeezed  out  by  the  oont- 
pression. 

182.  Consequences. — The  laws  of  the  specific  heat  of 
gases^  which  are  stated  in  the  preceding  article^  will  fiirni^ 
us  with  an  explanation  of  several  phenomena  which  are 
otherwise  somewhat  inexplicable.  Among  these  the  rapid 
diminution  in  temperature  as  we  ascend  a  mountain,  and 
the  excessive  cold  of  the  upper  regions  of  the  atmosphere^ 
are  facts  requiring  some  explanation.  There  is  a  constant 
transfer  of  heated  air  from  the  surface  of  the  earth  up- 
wards, but  this  cannot  warm  the  upper  strata^  for  the 
volume  of  any  given  portion  increases  as  it  ascends ;  hence 
'its  specific  heat  increases,  and  its  temperature  diminishes. 
The  density  c^  the  air  decreases  regularly  as  we  ascend, 
but  the  specific  heat  increases  with  the  diminution  f  den- 
sity, and  increase  in  specific  heat  is  always  accompanied 
by  a  diminution  of  temperature;  hence  the  temperature 
falls  as  we  ascend,  and,  according  to  the  best  observationsi, 
the  thermometer  sinks  1°  F.  for  about  every  350  teet  of 
ascent.  These  laws  cannot  of  course  be  verified  for  very 
great  heights,  but  supposing  it  near  the  truths  we  see 
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sufficient  reason  for  the  excessive  cold  which  must  prevail 
in  the  upper  regions  of  the  atmosphere*  This  iOold  must 
have  very  great  influence  in  Mnging  ahout 'the  limits  of 
the  atmosphere,  of  which  we  have  spoken  (Art*  100), 
since  the  elastic  force  of  the  air  depends  both  on  its  tem-^ 
perature  and  its  density. 

Hence  we  see  that  at  a  certain  height  above  the  level  of 
the  sea,  in  every  region  of  the  earth,  even  the  torrid  zone, 
there  is  a  region  of  perpetual  snow,  or  a  level  of  congela- 
tion. The  summits  of  the  Andes,  some  of .  which  are 
elevated  20,000  feet  above  the  level  of  the  sea,  are 
covered  with  perpetual  snow,  even  under  the  equator. 
As  we  advance  from  the  equator  towards  the  poles  the 
line  of  perpetual  snow  gradually  approaches  nearer  to  the 
earth ;  in  our  latitudes  the  level  of  congelation  is  ahout 
8000  feet  above  the  level  of  the  sea ;  in  latitude  20^,  it  is 
not  more  than  3000  feet.  There  are  very  great  anomalies 
in  the  height  of  the  level  for  different  places;  it  depends 
partly  on  the  general  diminution  of  temperature  as  we 
travd  from  the  equator  to  the  poles,  but  in  a  very,  gzeat 
measure  also  on  local  circumstances.  Wherever  an  ex- 
tensive table  land  occurs  its  effect  is  manifest  upon  the 
atmosphere  in  the  elevation  which  it  produces  in  the  level 
of  congelation.  Thus  the  table  land  of  Mexico  is  elevated 
about  8000  feet  above  the  level  of  the  sea,  and  the  level  of 
perpetual  snow  at  this  place  is  not  more  than  400  feet 
lower  than  under  the  equator ;  this  level  is  also  high  in 
the  Himalaya  mountains  from  the  same  cause*  Extensive 
glaciers  produce  their  effect  in  lowering  the  level ;  thus 
the  level  is  much  lower  in  Iceland  than  in  Norway  than 
can  be  attributed  to  the  small  difference  in  the  latitudes  of 
the  two  countries. 

There  are  some  other  remarkable  phenomena  connected 
with  the  different  sensations  produced  by  a  current  of  air 
which  require  notice.  Suppose  that  a  wind  is  blowing 
along  the  plain,  up  one  side  of  a  mountain  and  down  the 
other.    In  the  plain  it  may  be  a  hot  blast,  towards  the  top 
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of  themoontttn  it  will  be  diilliiig  cold  ;  and  iacreaang  b 
temperature  as  it  descends  the  other  aide^  it  will  be  again  a 
hot  blast  on  reaching  the  plain.  This  change  in  the 
apparent  temperature  arises  entirely  from  the  change  m 
▼olume  which  it  experiences ;  a  cubic  yard  ai  air  at  the 
bottom  of  the  mountain  may  be  considerably  expanded 
before  it  passes  the  summit,  and  is  then  condensed  again 
m  it  descends  the  other  side.  The  rarying  sensatiopi 
prodooed  by  different  winds  may  probably  be  oomiderod  as 
principally  due  to  the  change  in  the  specific  heat^  oonseqoent 
on  a  sudden  increase  or  diminution  in  die  volume  of  the  ab. 
Another  remarkaUe  illustration  of  the  preceding  laws 
ii  fufnished  by  the  fact^  that  high  pressure  steam  does  not 
scald.  Onlinary  steam,  such  as  is  raised  from  Iwiliag 
water  open  to  the  atmosphere,  at  the  temperature  of 
fil!^  F.,  scalds  dreadfully;  but  the  hand  maybe  hdd  wi^ 
impunity  in  the  Tapour  which  issues  from  water  in  a  eles^ 
vessel  heated  to  much  higher  temperatures.  The  plastic 
force  of  such  vapour,  or  hi^  pressure  steam,  as  it  is  cafieil^ 
is  mudi  greater  than  the  elastic  force  ef  common  ^; 
hence,  when  on  rushing  out  from  any  vessel  it  expaadi 
into  many  times  its  previous  volume,  the  dinunution  in 
temperature  consequent  on  this  sudden  change  rendezs 
such  steam  perfectly  harmless. 
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183.  In  speaking  of  the  sooroes  of  lieat  cmrthoo^ts 
will  at  once  be  directed  towards  the  gun  as  the  great 
natural  source  of  heat.  Erery  ray  (^  light  hL  accompanied 
bj  a  ray  of  heat ;  and  the  first  beams  of  the  morning  son 
raise  in  some  degree  the  temperature  of  the  bodies  which 
receive  them.  The  intensely  heating  power  of  die  solar 
rays  may  he  shewn  at  all  seasons  by  concentrating  several 
of  them  into  one  point  by  means  of  a  oonyez  glass,  or  Ins; 
a  fire  may  instantly  be  kindled  by  such  conoentratioo  ;  bat 
there  is  no  necessi^  to  have  recourse  to  oontrivanoes  to 
convince  us  of  the  intensely  heating  effects  of  the  sun ;  the 
mid-day  sun^  even  of  our  temperate  summers,  searches 
every  thing,  and  drives  all  animated  nature  to  seek  shelter 
from  its  rays.  The  most  striking  illustration  of  its  effect  is 
afforded  by  the  different  condition  of  the  inhabitants  at 
different  parts  of  the  globe  at  the  same  hour  of  the  day, 
according  as  the  sun's  heat  is  received  directly  or  itidi- 
rectly.  In  the  East  or  West  Indies^  at  mid-day,  the  heat 
is  so  intense  that  the  European  cannot  exist  under  its  direct 
influence^  whereas  in  Greenland  and  higher  latitudes, 
where  its  influence  is  indirect,  he  can  only  sustain  life  by 
the  heat  supplied  from  other  sources.  Again,  the  change 
of  temperature  from  day  to  night,  the  change  of  the  sea- 
sons, and^  in  fact^  all  the  phenomena  of  nature,  point  to 
the  sun  as  the  great  source  of  heat  as  well  as  of  light. 

184.  Central  Heat  of  the  Earth. — The  earth  may  very 
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propedj  be  oonridered  as  a  source  of  heat«    From  notte- 
fous  observatioiis  made  in  mines,  and  at  differ^ie  dep^ 
bdow  the  earth^s  surfiice^  it  is  certain  that  the  temperatbre 
increases  as  we  descend.    Thus  we  are  compelled  to  adimt 
that  some  part  of  the  earthy  whether  the  centre  or  aty 
other  part  we  need  not  now  inquire,  is  mudi  hotter  thirn' 
near  the  sur&oe^  and  that  as  this  heat  is  gradually  esKiapti^ 
our  temperature  must  be  affected  bf  it.    The  hot  apvingt 
winch  issue  forth  from  the  interior  of  the  eailli,  the  irrup- 
tions  of  heated  and  liquid  matter  from  the  Tolcanoes  in  dflTep- 
ent  parts  of  the  worlds  all  indicate  that  there  is  a  great  de- 
gree of  heat  eiidier  ezistrng  Batumlly^  or  produced  bystaiQ 
Qaaae»  in  the  interior*    Many  objections  have  been  uif^ed^fD 
the  evidence  wlueh  is  fnmidied  of  the  gradud  ineieftdii^ 
tenperature  as  we  descend  in  mmes,  from  die  aonriceB  of 
Jnawtiracy  which  may  attend  the  observalaons.     But  dfe 
erideBoe  fiimiAed  by  tlie  temperature  of  the  water  hoti 
wdils  of  tarious  depths,  espedidly  f nmi  those  wells  winch 
have  been  aalled.  Arteaian,  cannot  admit  of  any  aCher  ex- 
planation than  that  the  water  is  heated  hy  acquiring  the 
tempeieatttre  of  Ihe  strata  through  which  it  passes.    The 
water  -ftom  the  Artesian  wells  is  prevented  by  the  aideB 
of  the  tube  bom  being  carried  away  or  influenced  hy  tiue 
atmta  through  which  it  passes;  and  since  it  must  have 
originally  descended  firom  the  surface  of  the  earth,  and 
have  dien  had  the  temperature  of  water  at  its  unrfaae,  it 
must  have  acquired  its  increased  temperature  by  its  pasx 
asge  through  hot  steata ;  in  every  instance  the  temperatune 
depends  on  the  depth  of  the  well,  and  the  law  of  increase  ai 
fufnishrd  by  some  very  £svourable  diservations,  was  I*  P.  ibr 
about  every  52  &et  of  descent :  and  this  result  agrees  very 
nearly  with  some  results  recently  obtained  by  Mr.  Hopkins 
from  observalaoos  in  mines  in  Derbyshice.    If  this  remit 
be  reerived  as  aomewhere  near  the  truth,  and  the  hypo- 
thesJa  of  a  central  nucleus  of  fluid  matter  be  admissible^ 
we  should,  at  two  miles  below  the  surface,  reach  the  oidi>- 
nary  boiling  point  of  water,  and  at  a  d^h  of  twenty-^ve 
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mil€8,  the  meltiiig  paint  of  iron.  We.iKe  liieii  tluft  on 
this  hypotheflfl  there  is  a  oomparstively  thin  orottof  sblifl 
matter  resting  on  an  enormous  matt  of,  hot  liquid.  Tbm 
researches  of  Fourier  shew  that  the  infioenee  which  tiliis 
liquid  nudeos  can  jnoduoe  on  the  temperatore  of  the  sop- 
fiice  is  Yexy  small^  owing  to  the  slow  oondoetnig  power  of 
the  solid  ^crust;  hut  we  must  leaYeihis  most  interastrng 
question  to  the. geolcf^ist* 

IS^  Animal Heai. — Organised  bodies  seem  to  he  exempt 
ficom  the  ordinary  laws  of  heat,  £oft  they  are  scaroely  ever 
of  the  same  temperature  as  the  medium  in  which  they 
exist.  The  human  body  is  never  of  the  temperature  of  the 
surrounding  air;  the  animals  of  the  polar  regions  are  much 
warmer  than  the  ioe  on  whidi  they  dwdl^  while  those  of 
the  equatorial  r^ons  are  colder  than  the  air  whidi  they 
breathe;  birds  haye  not  the  temperature  of  the  atmosphere, 
nor  fishes  that  of  the  water,  in  which  they  lire.  There 
is  then  in  all  orgamsed  beings  a  pnqper  and  peenlisr  heat, 
or  rather  some  means  of  producing,  as  may  be  required, 
the  proper  degrees  of  heat  and  cold ;  for  the  ponderable 
matter  of  which  thar  bodies  consist  must  necessarfly  be 
subject  to  the  general  laws  of  the  equilibrium  of  tempera* 
ture.  The  amount  ci  this  temperature  for  different 
animals,  and  the  means  of  maintaining  it,  i^  among  the 
most  interesting  questions  of  physical  science. 

The  internal  temperature  oi  the  human  body  iqipeais  to 
be  the  same  for  all  the  different  organs,  and  experiences  no 
sensible  variation  with  age,  disease,  sex,  or  climate.  The 
saiUHrs  who,  at  the  north  pole,  breathe  air  in  which  meieary 
fireeses,*  and  the  inhabitants  of  India,  with  the  thermo* 
meter  standing  at  110^  F.  in  the  shad^  have  nearly  the 
same  natural  temperature,  which  is  about  98f*  F.  It  iqp- 
pears  that  an  European  experiences  a  slight  increase  of 
ten^rature  on  going  to  warm  climates,  but  it  never 
amounts  to  2°  F.    Sudden  and  intense  cold  may  destroy 

*  Purry'k  Vaiftga. 


276  SLSMBMTB  OV  FRT8I0B.  CHAP.  IX. 

the  fumltiet  of  the  vyttem^  and  bring  ob  dieep»  whidi  ii 
Iktal  both  in  animals  and  men.  The  oeMtfated  bvlDetiB 
of  Napoleon,  hi  which  it  was  stated  that  30,000  harm 
perished  in  one  night,  the  thermometer  behig  43^  F.  bdew 
fteering,  told  not  the  myriads  of  human  belnga  wluch  moit 
have  perished  from  the  same  cause.  The  mfednteiienoe  of 
the  temperature  of  the  system  is  an  evident  condition  of 
existence,  when  this  faculty  is  impaired  death  must  ensue 
as  inevitably  as  from  any  other  cause.  The  temperature 
of  man  is  lower  than  that  of  most  land  animals.  Krdi 
occupy  the  highest  rank  in  the  scale  of  temperature,  then 
oome  the  mammifers  and  the  amphibious  animals,  u 
fishes  and  insects.  The  mollusca  and  Crustacea,  as  oysten 
and  crabs^  have  the  temperature  of  the  medium  in  whidi 
they  live. 

186.  Development  of  Heat  by  meckanicai  means. -^Ths 
sudden  compression  of  any  gas,  or  mixture  of  gases,  m 
common  air,  is  attended  with  a  great  development  of  heat; 
if  a  piece  of  tinder  be  attached  to  the  piston  by  which  the 
air  is  compressed,  the  heat  evolved  will  be  sufficient  to 
ignite  the  tinder.  This  development  of  heat  is  entirely 
due  to  the  change  of  volume,  the  particles  being  brought 
nearer  to  each  other  there  is  less  space  than  the  heat  can 
occupy,  it  is  squeezed  out,  so  to  speak,  and  an  elevation  of 
temperature  is  occasioned,  a  quantity  of  heat  having  become 
sensible  which  was  before  insensible.  This  increase  of 
temperature  is,  however,  only  instantaneous.  The  equi- 
librium is  immediately  established  by  radiation,  and  by  the 
conduction  of  the  surrounding  bodies.  If  air  be  forced  into 
a  glass  receiver,  in  which  is  placed  a  delicate  thermometer, 
there  will  be  an  instantaneous  elevation  of  temperature  on 
every  stroke  of  the  piston.  The  sudden  expansion  or  dila- 
tation of  air  is  attended,  as  may  reasonably  be  expected, 
with  an  exactly  contrary  effect.  A  thermometer  placed  in  the 
receiver  of  an  air-pump  sinks  at  every  stroke  of  the  pump; 
the  equilibrium  of  temperature  is  however  immediately 
restored  from  the  surrounding  bodies.     The  gain  and  loss 
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of  heat  is  exactly  the  same  for  the  same  degrees  of  con* 
densation  and  rarefaction^  and  may  be  at  onee  leferrod  to 
the  general  principle^  that  the  existence  of  the  gaseous 
form  depends  on  the  presence  of  heat ;  and  these  effects 
take  place  conformably  to  the  laws  c^  specific  heat  already 
stated  (Art.  178). 

Closely  allied  to  the  production  of  heat  by  the  compres- 
sion of  an  elastic  fluid  is  the  intense  heat  which  may  be 
produced  by  smartly  hammering  a  piece  of  iron  or  any  other 
metal.  It  is  very  remarkable  that  a  permanent  change  of 
form  is  the  necessary  condition  of  the  production  of  heat 
by  this  means;  it  appears  also  that  metals  disengage  less 
heat  each  successive  stroke  of  the  hammer,  and  where  they 
hare  been  so  much  beaten  that  their  molecules  cannot  be 
brought  into  closer  contact,  the  most  violent  strokes  pro- 
duce no  ^Eurther  elevation  of  temperature.  At  this  point  at* 
condensation  they  are  analagous  to  liquids;  they  may  be 
compressed  still  farther,  but  since  no  permanent  alteration 
of  form  takes  place,  the  heat  disengaged  by  the  instan- 
taneous compression  is  too  small  to  be  sensible,  or  is  ab- 
sorbed by  the  instantaneous  expansion  which  succeeds. 

3Ietals,  wood,  and  all  solid  bodies,  disengage  heat  by 
friction;  the  action  w^hich  takes  place  between  a  wheel 
and  its  axle  is  sufficient  to  produce  ignition ;  two  pieces  of 
wood  may  be  ignited  by  rapidly  rubbing  them  together,  as 
is  constantly  practised  by  savages ;  the  rope  carried  rapidly 
over  the  side  of  the  boat  when  the  whale  has  been  har- 
pooned, is  constantly  wetted  to  prevent  ignition ;  and  two 
{Mcoes  of  ice  quickly  rubbed  together,  will  melt  at  the 
surfaces  which  are  in  contact.  From  these  phenomena  it 
is  difficult  to  decide  whether  the  heat  produced  by  friction 
results  from  a  permanent  alteration  in  bulk,  that  is,  a  com- 
presnon  of  the  bodies  which  are  rubbed  together,  or  from 
the  vibrations  of  the  particles  themselves  being  a  cause  of 
heat.  It  is  certain,  however,  that  every  change  of  state, 
or  of  volume,  is  accompanied  by  some  change  in  the  tem- 
perature; hence  it  follows,  that  the  absorption  and  develop- 

2b 


278  ELEMENTS  OF   PHYaiCS.  CHAP.  IX. 

mcnt  of  heat  are  essential  conditions  of  any  change  in  tbe 
state  of  substances. 

Closely  connected  also  with  the  preceding  is  the  de- 
velopment of  heat  arising  from  molecular  action.  When- 
eTcr  a  solid  body  is  wetted  by  a  liquid,  heat  is  disengaged. 
The  molecular  action  which  here  takes  place  between  the 
liquid  and  the  solid  must  be  referred  to  as  the  cause  of 
the  elevation  of  temperature  which  invariably  occurs  under 
these  circumstances. 

187.  Chemical  Combinations,  —  The  heat  produced  bj 
chemical  combinations  is  very  abundant.  There  is  a 
change  of  temperature  associated  with  every  change  of 
state.  The  intense  heat  produced  during  the  slaking  of 
lime  is  a  well-known  illustration  of  this  law.  The  water 
is  by  some  chemical  action  passing  from  a  liquid  to  a  soUd 
state,  and  the  heat  given  out  is  very  great.  Again^  the 
whole  action  of  freezing  mixtures  depends  on  the  chemical 
combinations  which  are  going  on ;  one  or  more  substances 
are  passing  from  a  solid  to  a  liquid,  and  the  diminution  of 
temperature  is  proportional  to  the  intensity  of  this  change. 
When  a  pint  of  sulphuric  acid  and  a  pint  of  water  are 
mixed  together  at  the  ordinary  temperature  of  60°  P.,  the 
temperature  of  the  mixture  will  suddenly  rise  to  212®  F.. 
or  to  that  of  boiling  water ;  here,  however,  the  mixture 
will  be  considerably  less  than  a  quart ;  there  is  a  consider- 
able diminution  in  volume ;  a  consequent  diminution  in 
the  specific  heat,  and  a  rise  in  temperature  (Art.  178). 

The  intense  heat  produced  by  combustion  is  but  another 
instance  of  chemical  combination;  whenever  two  sub- 
stances are  combining  together  with  intense  energy,  they 
may  become  heated  even  to  incandescence.  If  a  piece  of 
iron  wire  be  heated  at  one  end  and  plunged  into  a  jar  of 
oxygen,  it  will  burn  with  a  brilliant  flame,  and  form  small 
drops  or  scales  of  iron.  Now  during  this  operation,  the 
oxygen  may  be  all  consumed,  and  if  the  scales  be  collected 
and  weighed  with  the  iron  wire  which  is  left  unconsumed, 
the  weight  will  be  found  increased  exactly  by  the  weight 
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of  the  oxygen  which  is  expended.  The  iron  and  oxygen 
may  be  separated  again,  and  both  exhibited  without  loss. 
ThuSj  every  instance  of  combustion  being  bat  an  instance 
of  chemical  union,  there  is  no  loss  in  nature.  The  great 
combining  substance  is  oxygen ;  this  being  present  wher- 
ever man  can  live,  is  always  ready  to  unite  itself  with  any 
matter  exposed  to  it  at  the  necessary  temperature.  Those 
substances  are  usually  called  combustibles  which  combine 
at  low  temperatures  with  oxygen,  and  of  whose  visible 
existence  we  are  conscious ;  thus  pit-coal>  oil.  Sec*,  have 
received  the  names  of  combustibles^  because  these  sub- 
stances readily  present  the  phenomena  of  heat  and  light ; 
the  oxygen  is,  on  the  contrary,  generally  termed  the  sup- 
porter of  combustion.  The  general  opinion  of  modem 
diemists  on  the  theory  of  combustion  is,  that  it  results 
from  the  rapid  or  sudden  union  of  bodies  with  each  other ; 
and  Davy  has  pointed  to  electricity  as  the  cause. 

188.  Theories  of  Heat. — In  the  preceding  section  of  this 
chapter  we  have  detailed  the  various  phenomena  which 
may  be  referred  to  heat  as  their  cause :  with  respect  to  the 
nature  of  this  agent  no  hypothesis  has  yet  been  mentioned. 
On  this  point  there  are  two  principal  theories,  whereof  one 
admits  the  materiality  of  heat ;  the  other,  denying  that  it  is 
a  substance,  conceives  it  to  be  a  property  of  matter  which 
produces  its  effects  by  an  actual  vibration  amongst  the  mole- 
cules of  the  bodies.  Whatever  view  we  take  of  its  nature 
it  must  certainly  be  considered  as  a  force,  somehow  or 
other,  opposed  to  the  molecular  attraction  which  is  known 
to  subsist.  The  hypothesis  of  the  material  nature  of  heat 
is  supported  very  naturally  by  urging,  that  the  expansion 
which  heat  causes  in  bodies  is  owing  to  the  actual  insertion 
of  a  material  substance  between  their  molecules :  also  the 
transfer  of  given  quantities  of  heat,  which  may  be  accu- 
rately measured,  so  as  to  effect  a  particular  purpose,  as 
fusion  or  evaporation,  is  strongly  consistent  with  the 
hypothesis  of  its  materiality.  But  on  the  contrary,  the 
vibratory    hjrpothesis,  or  non-materiality  of  heat,  is  sup- 
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parted  hy  the  facte,  that  the  most  careful  experiments 
could  never  prove  it  ,ponderaUe ;  this,  however,  is  not 
conclusive  evidence,  since  its  weight  maj  be  altogeihei 
inappreciable  by  our  experiments^  The  inexhaustible 
supply  of  heat  which  friction  furnishes  is  sfenmg  evideaos 
in  support  of  this  hypothesb;  so  that  when  these  fiMStsam 
viewed  in  connexion  with  the  known  laws  of  the  reflesoitt 
of  heat,  and  the  striking  analogy  which  auhsists  between 
the  principal  phenomena  of  heat,  light,  and  sound,  there  is 
strong  presumption  in  favour  of  the  hypothesis,  that  heal 
consists  in  the  vibrations  of  an  elastic  medinm.  The 
parallel  betwixt  heat  and  light  is  exceedingly  dote;  t3ie 
interference  of  the  rays  of  heat^  the  polarisation*  €jf  heat; 
are  now  distinctly  established;  so  that  though  much  re* 
mains  to  be  done  before  the  identity  of  the  cause  of  heal 
and  light  can  be  said  to  be  clearly  established,  yet  there  is 
strong  evidence  for  at  least  entertaining  the  hypcftheas* 
If  darkness  results  from  the  interference  of  two  rays  of 
light,  if  cold  results  from  the  interference  of  two  rays  of 
heat,  it  is  a  mechanical  impossibility  that  this  should  result 
from  any  emission  of  material  particles ;  it  is  inconcetvaUe 
how  any  hypothesis  not  strongly  analagous  to  that  of 
undulations  can  explain  the  phenomena* 

We  will  close  this  chapter  by  the  following  remarks  of 
Davy  on  this  most  interesting  subject.  '  The  immediate 
cause  of  the  phenomena  of  heat  then  is  motion ;  and  the 
laws  of  its  communication  are  precisely  the  same  as  the 
laws  of  the  communication  of  motion.  Since  all  matter 
may  be  made  to  fill  a  smaller  volume  by  cooling,  it  is 
evident  that  the  particles  of  matter  must  have  space 
between  them;  and  since  every  body  can  communicate 
the  power  of  expansion  to  a  body  of  a  lower  temperature, 
that  is,  can  give  an  expansive  motion  to  its  particles,  it  is 
a  probable  inference  that  its  own  particles  are  possessed 
of  motion ;  but  as  there  is  no  change  in  the  position  of  its 

•  This  term  will  be  explained  in  the  chapter  on  Light, 
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parts  as  long  as  its  temperature  is  uniform,  the  motion,  if 
it  exist,  must  be  a  vibratory  or  nndulatory  motion^  or  a 
motion  of  particles  round  their  axes,  or  a  motion  of  par- 
ticles round  each  other/  Again,  *  it  seems  possible  to 
account  for  all  the  phenomena  offbeat,  if  it  be  supposed 
that  in  solids  the  particles  are  in  a  state  of  vibratory 
motion,  the  particles  of  the  hottest  moving  with  the 
greatest  velocity,  and  through  the  greatest  space.  That 
in  liquids  and  elastic  fluids,  besides  the  vibratory  motion, 
which  must  be  conceived  greatest  in  the  last,  the  particles 
have  a  motion  round  their  own  axes,  with  different  velo- 
cities, the  particles  of  elastic  fluids  moving  with  the  greatest 
quickness;  and  that  in  ethereal  substances  the  particles 
move  round  their  own  axes  with  diflerent  velocities,  and 
separate  from  each  other,  penetrating  in  right  lines  through 
space.  Temperature  may  be  conceived  to  depend  upon 
the  velocities  of  the  vibrations;  increase  of  capacity  on 
the  motion  being  performed  in  greater  space;  and  the 
diminution  of  temperature  during  the  conversion  of  solids 
into  fluids  or  gases,  may  be  explained  on  the  idea  of  the 
loss  of  vibratory  motion  in  consequence  of  the  revolu- 
tion of  particles  round  their  axes,  at  the  joioment  when  the 
body  becomes  liquid  or  uniform;  or  from  the  loss  of  ra« 
pidity  of  vibration  in  consequence  of  the  motion  of  the 
particles  through  greater  space.' 
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CHAPTER   X. 
Section  I. 

GENERAL    PROrERTIES    OF    LIGHT — PROPAGATION INTKKSITY— 

SHADOWS VELOCITY. 

189.  The  agent  whose  action  on  the  eye  originates  the 

sensation  of  seeing^  hy  which  we  are  made  conscious  of  the 

presence  of  external  bodies^  is  at  once  admitted  to  differ 

most  essentially  from  the  ponderable  matter  of  the  globe. 

The  cause  or  agent  producing  the  effects  which  we  refer 

to  heat,  was  considered  independent  of  ponderable  matter, 

because  the  characteristic  property  of  matter>  or  its  weighty 

is  never  affected  by  it.     Similarly,  all  the  phenomena  of 

seeing  are  referred  to  an  imponderable  agent,  which  is 

called  light.     Respecting  the  nature  of  this  agent  we  sl^all 

at  present  venture  no  hypothesis,  but  proceed  at  once  to 

the  laws  of  the  phenomena. 

Light,  whatever  be  its  nature,  is  propagated  in  every 
direction ;  the  simplest  considerations  will  satisfy  us  of  the 
truth  of  this  law.     The  flame  of  a  candle  is  visible  from  all 
parts  of  a  room ;  the  electric  spark,  or  any  phosphorescent, 
can  be  seen  in  all  directions.     This,  which  our  experiments 
can  only  shew  on  the  small  scale,  is  exhibited  in  all  its 
grandeur  in  the  expanse  of  the  heavens ;  for  the  sun  dis- 
perses in  all  directions  through  all  space  the  same  bril- 
liancy, lighting  up  the  earth,  the  planets,  and  the  comets, 
and  shining  on  all  bodies,  whatever  be  their  position  in  the 
infinity  of  space. 
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All  luminous  bodies  are  composed  of  ponderable  matter  j 
ive  see  that  without  ponderable  matter  there  can  be  no 
light ;  it  may  be  propagated  or  transmitted  without  pon- 
derable matter,  but  it  cannot  be  originated.  Hence  lumi- 
nous bodies  may  be  divided  into  ponderable  fragments^ 
more  or  less  minute,  and  the  smallest  ultimate  particles 
which  we  can  conceive  are  called  luminous  points.  Thus, 
as  a  body  is  a  collection  of  molecules  or  atoms,  a  lumi- 
nous body  is  a  collection  or  combination  of  luminous 
atoms  or  points.  Each  luminous  point  propagates  its  light 
in  all  directions,  as  we  have  already  seen;  but  from  a 
luminous  body,  as  from  a  red-hot  ball,  we  only  receive  the 
light  from  the  surface ;  the  light  from  the  internal  particles 
is  absorbed  or  stifled  in  some  way  by  the  matter  of  which 
the  body  is  composed;  the  same  is  the  case  with  the  light 
which  is  propagated  towards  the  interior  from  the  points 
at  the  surface.  Thus  does  light  expand  itself  in  every 
direction;  but  as  we  shall  see  hereafter  it  is  not  propa- 
gated under  all  circumstances  with  equal  facility  in  every 
direction.  Those  bodies  which  are  not  in  themselves  lumi- 
nous shine  with  borrowed  or  reflected  light,  the  laws  of 
which  we  shall  presently  consider. 

190.  Direction  of  Propagation,-^' In  a  homogeneous 
medium,  that  is,  in  one  which  is  absolutely  or  sensibly 
of  the  same  density  throughout,  light  is  propagated  in 
straight  lines.  The  simplest  experiments  will  shew  the 
truth  of  this  law.  If  any  number  of  plates  or  flat  pieces 
of  any  substance  have  a  small  hole  pierced  in  them,  a 
candle  or  any  luminous  point  will  be  seen  through  them 
if  their  centres  are  all  in  the  same  straight  line.  If  the 
centre  of  any  hole  be  the  least  out  of  the  line  the  luminous 
body  will  be  obscured.  Whenever  light  meets  any  surface, 
polished  or  unpolished,  its  direction  ^is  changed  abruptly, 
as  we  shall  see  in  speaking  of  reflexion  and  refraction,  but 
after  this  abrupt  change  its  new  direction  is  rectilinear, 
provided  the  medium  be  homogeneous. 

If  the  medium  be  not  homogeneous,  but  heterogeneous, 
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that  is>  if  it  be  of  different  densities  at  different  p<^nt8,  the 
propagation  will  no  longer  take  place  in  straight  lines,  iti 
direction  will  be  curvilinear.  Thus  the  light  of  the  sun 
or  a  star  does  not  come  to  us  in  a  straight  line;  the  atmo- 
sphere, as  we  have  seen  (Art.  98],  is  a  hetezogeneoos 
medium  composed  of  successive  strata^  each  differing  In 
density  from  the  preceding ;  hence  it  follows,  that  a  hea- 
venly body  is  never  exactly  in  the  place  in  which  it  appears 
to  be.  Our  observations  on  all  bodies  at  great  distances 
are  attended  with  the  same  illusions.  When  the  distances 
are  small,  the  deviation  of  the  direction  of  propagation  £rom 
a  straight  line  is,  on  account  of  the  smallness  of  the  cur- 
vature, insensible ;  just  as  the  deviation  of  the  surface  of 
still  water  from  a  plane  is  not  sensible.  But  since  the 
atmosphere  is  composed  of  layers  of  different  densities, 
light  must  suffer  this  deviation  in  passing  through.  The 
change  which  takes  place  will  be  readily  understood  by 
considering  the  change  which  takes  place  when  light 
passes  from  air  to  water,  or  from  water  to  air;  here  it 
traverses  two  media  of  very  different  densities,  and  the 
deviation  is  very  striking. 
Let  any  object,  as  a  shil- 
ling, be  placed  in  any  ves- 
sel, and  let  the  farthest 
point  of  the  object  be  visible 
by  an  eye  at  e  just  over  the 
edge  of  the  vessel  in  the  di- 
rection BCD.  Then  if  water  be  poured  into  the  vessel  the 
whole  shilling  will  come  into  view,  though  it  is  still  really 
concealed  by  the  vessel.  Here  the  light  is  propagated  in  a 
straight  line  in  the  water,  and  in  a  straight  line  in  the 
air,  for  each  medium  may  be  considered  as  homogeneous 
through  this  small  extent,  and  it  will  be  seen  immediately 
that  the  light  follows  a  broken  line,  as  d  f  £.  The  same 
may  be  rendered  at  once  apparent  by  placing  a  stick  in  a 
vessel  of  water,  and  looking  down  it ;  the  stick  will  appear 
broken  at  the  surface  of  the  water,  and  the  portion  im- 
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mersed  will  only  he  visible  by  placing  th^  eye  below  the 
outer  end  of  the  stick.  The  light  which  coi^nes  from  the 
heavenly  bodies  does  not  experience  any  abrupt  breaks,  a$ 
when  the  density  of  the  media  changes  abruptly,  but  being 
constantly  bent  by  insensible  degrees  has  a  curvilinear  in- 
stead of  a  rectilinear  path. 

191.  Ray  and  Pencil  of  Light. — Any.  line  drawn  frongi 
the  luminous  body  along  which  light  is  propagated  may  be 
considered  as  a  ray  of  light,  and  several  such  lines,  or  a 
collection   of  rays>  constitute  a  pencil.     When   light   is 
allowed  to  pass  through  a  very  small  hole  it  appears  as  a 
single  ray.     It  is,  however,  in  reality  a  small  pencil,  since 
a   single  ray  of  light,  like  a  mathematical  line,  has  no 
actual  existence;  but,  being  by  definition  invested   with 
certain  properties,  serves  as  the  basis  of  our  reasonings* 
If  from  any  luminous  point  straight  lines  be  conceived, 
drawn  in  all  directions,  these  will  represent  the  rays  for 
all  small  distances.     When  light  is  propagated  in  a  homo-^ 
geneous  medium  round  any  point,  and  received  on  any 
surface,  we  say  that  any  small  portion  of  this  surface  is 
illuminated  by  a  pencil  of  rays.     This  portion  of  the  sur- 
face is  considered  as  the  base  of  a  cone,  whose  summit  is 
the  luminous  point,  and  the  pencil  of  light  is  the  light 
comprised  in  this  cone;  but  when  the  medium  is  very 
heterogeneous,  this  cone  can  no  longer  be  considered  as 
having  any  existence.     A  pencil  of  light   is   naturally 
divergent,  that  is,  its  section  increases  as  we  recede  from 
the  luminous  point ;  when,  however,  the  luminous  point  ia 
at  a  great  distance,  the   pencil  may  be    considered   as 
parallel,   since  all  the  sections  are  sensibly  equal,  or  all 
the  rays  sensibly  parallel.     Thus,  for  example,  the  light 
from  the  sun  constitutes  parallel  pencils,  since  whatever 
portion  of  surface  we  consider,  lines  drawn  from  it  to  the 
centre  of  the  sun  will  be  parallel.     Pencils  of  light  may 
also  be  convergent,  that  is,  the  rays  may  be  so  directed  that 
they  will  meet  in  a  point.     This  point  of  concourse  for  all 
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the  ray*  is  called  di  focus.  But  it  must  be  specially  re- 
membered that  the  rays,  aflcr  being  thus  brought  to  a 
focus,  continue  their  course,  so  that  beyond  the  focus  die 
pencil  is  divergent,  just  as  a  natural  pencil. 

192.  Intensity  varies  ai  inverse  square, — Prom  there- 
marks  which  were  made  (Art.  123)  on  the  decay  of  soand 
emanating  from  a  point  at  different  distances^  we  may 
readily  understand  the  diminution  in  the  intensity  of  light, 
or  the  decay  of  brightness  in  receding  from  the  luminous 
point.  The  law  can  be  established  with  much  greater  ex- 
perimental accuracy  in  this  case  than  in  the  one  jost 
referred  to;  for  sound  and  all  sensations  are  very  tran- 
sient^ and  we  have  no  exact  means  of  doubling  a  sound,  or 
any  exact  measure  of  a  sound  so  increased;  but  we  can 
double  a  light,  we  can  observe  the  illumination  of  two 
candles  instead  of  one,  and  so  on.  Now  it  appears,  from 
a  variety  of  experiments  which  it  would  be  unnecessary  to 
detail,  that  four  candles  at  a  distance  of  two  feet  give  the 
same  illumination  as  one  candle  at  the  distance  of  one  foot; 
thus,  supposing  all  the  candles  to  be  equal,  each  one  at  the 
distance  of  two  feet  gives  one-fourth  the  light  which  it 
gives  at  one  foot.  Thus  the  intensity  of  the  light  de- 
creases as  the  square  of  the  distance  increases. 

Again,  suppose  that  light  is  emanating  from  the  lumi- 
nous point  li ;  then  the  light  included  between  l  a  and  L  b 
constitutes  a  divergent  pencil ;  and  suppose  that  a  b,  a'  b' 
are  the  sections  of  the  pencil 
at  the  distances  l  c^  L  c', 
whereof  one  is  double  the 
other ;  then,  since  l  c'  is 
double  L  G,  the  area  of  the 
section  a'b'  will  be  quad- 
ruple that  of  a  b,  and  since 
the  same  rays  are  intercepted  by  a'  b'  as  by  a  b,  we  have 
the  same  quantity  of  light  spread  over  four  times  the 
space;  each  portion  therefore  of  a'b'  will  shine  with  an 


SECT.  I.  LAWS   OF   lilOHT.  287 

intensity  whicli  is  four  times  less  than  the  corresponding 
portion  of  a  b,  or  the  intensity  of  the  light  decreases  aa 
the  square  of  the  distance  increases. 

193.  Opaque  Bodies, — Bodies  which  are  not  naturally 
luminous  may  be  divided  into  opaque^  as  wood^  stones^  and 
metals;  transparent,  as  air,  water,  glass;  and  semi>trans- 
parent^  as  silver  paper^  ground  glass.  Opaque  suhstances 
do  not  transmit  any  light  through  their  mass.  But  the 
opacity  arises  more  from  the  thickness  than  from  the  nature 
of  the  substances,  since  all  substances  when  reduced  to 
sufficiently  thin  plates  or  sheets  permit  some  portion  of 
the  light  which  falls  upon  them  to  pass ;  thus,  the  light  of 
a  candle,  or  of  the  sun,  falling  on  a  sheet  of  a  gold-leaf  laid 
on  glass,  is  transmitted  as  a  faint  green  glimmer.  Trans- 
parent substances  transmit  light,  and  admit  of  objects  being 
distinctly  seen  through  them.  Most  gases,  liquids,  and 
crystallized  bodies,  have  perfect  transparency  when  they  are 
not  too  thick ;  for  they  are  in  general  absolutely  colour- 
less, and  shew  not  only  the  forms  of  objects,  but  also  their 
colours.  But  the  most  transparent  bodies  become  coloured 
when  of  sufficient  thickness,  which  proves  that  they  absorb 
some  of  the  light  which  falls  upon  them.  Thus  a  drop  of 
water  is  perfectly  clear,  but  a  large  mass  of  water  is  blue  or 
green,  and  it  has  been  calculated  that  a  person  sunk  to  the 
depth  of  thirty  fathoms  in  the  sea  would  not  receive  a 
stronger  light  from  the  sun  than  we  do  from  the  moon. 
There  are  other  substances,  commonly  called  semi-trans- 
parent, which  differ  from  the  preceding,  in  that  while  they 
transmit  a  portion  of  the  light  which  they  receive,  they  do 
not  admit  of  any  colour,  distance,  or  form,  being  seen 
through  them. 

194.  Shadows. — When  an  opaque  body  is  illumined  by 
a  luminous  point,  the  form  of  the  umbra,  or  of  the  shadow, 
can  be  easily  discovered ;  for  we  have  only  to  conceive  a 
straight  line  passing  through  the  point  to  trace  out' the 
contour  of  the  body.     This  line  produced  beyond  the  body 
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win  trace  out  a  species  of  conical  sorfece^  the  contoor  of 
which  is  that  of  the  shadow.  Thus,  if  the  light  iron  t 
luminous  point  l  be  inter- 
cepted by  an  opaque  body 
A  B,  the  shadow  or  umbra 
will  be  a  cone  of  indefinite 
length  behind  the  body,  as 

represented  by  the  shaded  part.  But  a  luminous  body 
consists  of  several  points;  hence  the  shadow  will  not  be  ei- 
actly  as  here  represented;  but  the  light  coming  from  s 
point  just  above  l  will  iUumine  the  part  of  the  shadow 
which  is  above  some  line,  as  a  a,  and  the  light  from  a  point 
below  L  will  illamine  the  part  below  some  line,  as  Bb; 
hence  the  only  part  which  is  really  in  shade  will  be  that 
included  between  these  lines.  This  partially  illumined 
portion  is  called  the  penumbra.  Every  one  is  familiar 
with  this  term  as  applied  to  that  part  of  the  earth's  shadow 
into  which  the  moon  enters  first  when  she  is  about  to  be 
eclipsed.  When  light  passes  through  a  hole,  and  enters 
into  a  dark  room,  we  have  a  corresponding  phenomemm, 
which  we  shall  endeavour  to  illustrate. 

Suppose  that  liglit  enters 
a  dark  chamber  through  a 
small  aperture  A  b^  and  that 
8  is  a  point  at  the  centre  of 
the  luminous  body;  then, 
drawing  the  lines  sac, 
8  B  D,  which  being  produced 
meet  a  screen  in  c  and  d,  all  the  parts  above  and  below 
c  D  will  be  in  the  umbra,  and  the  cone  whose  vertex  is  s, 
and  base  c  D,  is  the  only  luminous  part.  But  the  body  has 
other  points,  as  s  and  s',  and  these  will  give  rise  to  similar 
luminous  cones,  so  that  there  will  be  portions  <f  B  d  and 
d'  AC,  which  are  in  the  umbra,  but  which  have  some  light ; 
these  constitute  the  penumbra.  The  portion  cd  on  the 
screen  will  be  most  bright,  because  it  receives  light  from 
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every  point  in  the  luminous  body;  the  portion  c  d  will  also 
be  bright;  but  the  extreme  parts  cd^^d',  will  not  have 
much  light. 

This  is  what  will  take  place  when  the  luminous  body  is 
near  to  the  hole^  so  that  the  rays  from  each  point  have 
sensible  divergence ;  but  when  the  light  is  rec^ved  directly 
from  the  sun^  the  rays  may  be  always  considered  parallel, 
or  every  p(»nt  in  the  sun  gives  a  pencil  of  parallel  rays.  -^ 
Hence  the  image  or  luminous  part  c  d  on  the  screen  will 
not  in  general  be  much  larger  than  the  hole  when  the 
light  comes  at  once  from  the  sun. 

195.  Image  of  Sun  always  round,---'When  the  sun  shines 
through  a  small  hole  so  as  to  make  an  image  of  itself  on 
a  screen^  this  image  is  always  circular,  whatever  be  the 
shape  of  the  hole.  Jhis  is  the  necessary  consequence  of 
the  pencils  of  parallel  rays  which  are  conveyed  from  each 
point  of  the  sun.  Suppose  the  hole  to  be  a  small  square, 
then  each  point  in  the  sun  will  make  a  square  image  oppo* 
site  the  hole,  and  the  infinity  of  these  little  squares  will 
make  up  a  little  round.  Every  one  must  have  observed 
the  small  elliptical  images  with  which  the  ground  is  be- 
spangled, when  the  sun  shines  through  the  interstices  of 
the  leaves  of  a  tree.  The  elliptical  form  of  these  images 
arises  from  the  obliquity  of  the  ground;  if  they  are 
received  on  any  surface  perpendicular  to  their  direction 
the  images  will  all  be  round.  When  the  sun  is  partially 
eclipsed,  the  crescent  shapes  of  the  images  present  a  very 
curious  and  unusual  appearance. 

In  experiments  with  light  it  is  usual  to  darken  the  room, 
or  the  general  light  would  be  too  great  for  a  distinct  exhi* 
bition  of  the  phenomena ;  into  the  room  so  darkened  light  is 
admitted  through  a  small  hole  in  one  of  the  shutters.  The 
relative  position  of  the  sun  and  of  the  shutter  will  rarely 
be  such  to  admit  of  the  sun  shining  directly  through  the 
hole ;  hence  the  light  must  be  diverted  from  its  usual 
course  by  the  interposition  of  a  plane  mirror,  which  may 
be  so  adjusted  as  to  reflect  the  light  horizontally ;  thus  the 

2o 
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8un*s  light  will  enter  just  as  if  it  were  exactly  oppoate 
the  hole,  and  whatever  be  the  shape  of  the  bole  theie  will 
be  formed  a  round  bright  spot  on  the  opposite  wall>  or  so 
image  of  the  sun. 

196.  Velocity  of  Light. ^^The  transmission  of  liglht  is  so 
rapid  that  in  all  ordinary  cases  it  may  be  considered  ai 
instantaneous;  but  when  very  great  distances  are  to  be 
passed  over,  we  find  that  light  requires  time  to  travd; 
this,  one  of  the  most  important  discoveries  in  science,  im 
made  by  Reaumur*  from  his  observations  on  Jupiter's  fint 
satellite,  as  we  shall  attempt  to  explain.     In  thm  acoom- 


pan3ring  figure  let  s  represent  the  sun,  t  a  b  c  d  the  earth's 
orbit,  J  the  position  of  Jupiter,  supposed  to  be  in  the  plane 
of  the  ecliptic,  and  immoveable,  during  one  revolatiaa  of 
the  earth,  and  suppose  that  the  first  satellite  describes  a 
circle,  e  h  6*  The  shaded  part  represents  the  umbra 
which  Jupiter  casts  behind  him;  this  umbra,  and  the  orbit 
also  of  the  satellite,  are  considerably  magnified.  During 
one  half  of  the  year,  as  while  the  earth  is  in  the  portion 
T  A  B  of  its  orbit,  we  can  observe  the  emersions  of  the 
satellite,  that  is,  the  instant  at  which  it  leaves  the  nmbra ; 
and  during  the  other  half,  we  can  observe  the  immermoittf 
that  is,  the  instant  at  which  it  enters  the  umbra.  The 
interval  between  two  successive  immersions  or  emersions, 
is  the  period  of  the  satellite's  revolution.  Whatever  be 
the  point  of  the  orbit  from  which  we  make  these  observa- 
tions, its  duration  is  alwa3r8  42**  28'  35^  that  is,  very  near 

•  In  1675  and  1676. 
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42  and  ^  houts.  Consequently,  if  at  the  point  a,  for  ex- 
ample, we  observe  an  immersion  at  any  given  instant,  we 
can  predict  that  the  100^  following  immersion  will  take 
place  precisely  alter  100  times  42^"  28^  35^  and  that  it 
will  be  seen  from  some  point,  b,  at  which  the  earth  has 
arrived  iti  this  time  by  its  motion  in  its  orbit.  But  it  is 
found  by  experience  that  the  eclipse  happens  too  late,  that 
is,  afber  the  calculated  time,  and  we  must  conclude  that 
this  difference  is  the  time  which  the  light  takes  to  travel 
over  the  space  A  b.  Hence  we  have  the  velocity  of  trans- 
mission by  dividing  the  distance  by  the  time.  This  con- 
clusion may  be  verified  by  observations  made  in  the  other 
half  of  the  orbit.  If  we  observe  an  immersion  from  the 
point  D,  the  100^  following  immersion  ought  to  take  place 
after  100  times  42*'  28'  35%  or  when  the  earth  has  come 
to  c,  but  in  this  case  we  find  that  the  ecl^)8e  commences  tw 
soon.  It  is  from  these  and  similar  observations,  frequently 
repeated,  that  we  conclude  that  light  takes  16'  26''  to  traverse 
the  diameter  of  the  earth's  orbit,  and  that,  oonsequently,  it 
comes  to  us  from  the  sun  in  S'  13"'.  Thus  it  is  estimated 
that  the  propagation  of  light  takes  place  at  the  rate  of 
about  192,000  miles  in  a  second. 

197.  Aberration* — One  of  the  most  important  conse- 
quences of  light  requiring  time  for  transmission  is  the 
^splacement  which  the  motion  of  the  earth  in  its  orbit 
causes  in  the  apparent  place  of  the  fixed  stars.  The 
earth  is  moving  through  space  with  a  velocity  of  about 
nineteen  miles  a  second;  if  the  transmission  of  light  were 
instantaneous,  a  star  would  be  seen  in  the  exact  place  at 
which  it  really  was  when  the  light  started  from  it.  But 
during  the  period  of  the  list's  passage  the  earth  has 
changed  its  place,  and,  oonsequently,  the  ray  which  we 
recdve  will  not  be  in  the  same  direction  as  the  line  drawn 
from  the  star  to  us  at  the  instant  of  the  light's  starting. 
The  motion  of  the  earth  and  of  the  light  will  be  com- 
bined, so  that  the  light  will  appear  to  come  in  a  different 
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direction  from  that  in  which  it  really  does  come,  and  tlie 
change  which  is  thus  occasioned  in  the  place  of  a  star  k 
termed  aberration.  The  effect  of  aberration  may  be  illus- 
trated by  what  every  one  must  have  observed  in  moving 
rapidly  forward  during  a  shower  of  rain.  Suppose  rain  to 
fall  vertically  in  a  dead  calm,  if  a  person  stands  perfectly 
still  a  very  small  covering  over  his  head  will  receive  all 
the  rain^  and  effectually  shelter  him,  but  if  he  runs  for- 
ward the  rain  will  beat  against  his  front.  The  effect  is  pre- 
cisely the  same  as  if  the  rain  were  drifted  by  wind  against 
his  front  as  he  stands  still.  A  person  walking  briskly  in  a 
shower,  although  the  rain  may  be  falling  quite  vertically, 
holds  the  umbrella  forward  to  prevent  the  rain  wetting 
him,  that  is,  he  inclines  the  stick  or  axis  of  the  umbrella, 
directing  it  to  some  point  in  the  heavens  before  the  point 
immediately  above  him.  The  astronomer  does  precisely  the 
same  with  his  telescope;  light  may  be  considered  as  a 
shower  of  luminous  particles,  through  which  we  are 
rapidly  moving ;  that  these  rays,  as  they  descend,  may  not 
impinge  on  the  sides  of  the  tube  as  it  is  carried  forward, 
the  telescope  must  have  the  end  at  which  the  light  enters 
inclined  forward,  that  is,  in  the  direction  in  which  the  earth 
is  moving.  The  effect  thus  produced  on  the  place  of  a 
star  will  be  seen  from  the  accompanying 
figure. 

Let  s  A,  s'  a',  be  the  parallel  rays  of 
light  from  any  star  s  to  the  earth,  and 
while  the  light  is  coming  from  s  to  a 
let  the  earth  move  from  a  to  a'.  If  a 
telescope  then  be  held  in  the  direction 
s'  A  the  light  from  s  will  travel  directly 
down  it ;  hence  the  star  will  be  seen  at 
s'  instead  of  at  s.  The  angle  s'  a  s  is 
called  the  angle  of  aberration. 

198.  Consequences. — If  now  light  is  propagated  accord- 
ing to  the  law  stated  in  the  preceding  article,  it  will  be 
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curious  to  consider  the  different  times  which  it  takes  to 
reach  the  planets  o[  the  solar  system ;  and  the  results  are 
exhibited  in  the  following  tahie : 

Names  of  Planetk  Time  of  ligfaf «  pMWfe  ftvm  tke  tan. 

Ii        '      " 

Mercury .  0    3  10 

Venus 0    5  56 

Earth 0     8  13 

Mars 0  12  31 

Vesta 0  19  25 

Juno 0  21  57 

Ceres 0  22  44 

PaUas 0  22  46 

Jupiter 0  42  45 

Saturn 1   18  23 

Uranus 4    9  48 

The  time  which  the  light  takes  to  come  from  any  planet, 
Uranus  for  example,  to  the  earth,  is  sometimes  greater 
sometimes  less  than  4^*  9'  48'%  according  to  the  position  of 
the  two  planets ;  but  we  may  say  without  any  risk  of  error^ 
that  the  astronomer  who  views  the  globe  of  Uranus  does 
not  see  it  where  it  is,  but  where  it  was  four  hours  before, 
and  that  if  this  planet  were  annihilated  at  any  instant 
we  should  not  be  aware  of  it  till  four  hours  after  it  had 
ceased  to  be. 

We  know  not  at  what  distance  from  the  earth  the  stars 
are  scattered,  but  we  can  be  assured  that  they  are  not  less 
than  200,000  times  the  distance  of  the  sun  from  the  earth ; 
hence  their  light  does  not  reach  us  in  less  than  200,000 
times  8'  13",  that  is,  1141  days,  or  3  years  and  45  days; 
and  beyond  a  doubt  it  is  no  exaggeration  to  suppose  that 
we  see  stars'  which  are  some  hundreds  of  millions  times 
farther  distant,  and  consequently,  that  their  light  takes 
millions  of  ages  to  reach  us.  *  Every  thing  which  exists 
in  the  heavens  beyond  our  system  may  have  been  broken 
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op  and  annihilated,  and  we,  the  peaceable  inhabitants  of 
this  earth,  shall  pass  unnumbered  years  in  contemplatiiig 
as  at  present  a  superb  spectacle  of  order  and  magnifi- 
cence, which  is  but  a  deceitful  illusion,  an  image  without 
any  reality.'* 

Ponderable  matter  does  not  appear  to  be  susceptible  of 
a  motion  so  rapid  as  that  of  light.  The  greatest  veloci- 
ties which  we  are  acquainted  with  at  the  surface  of  the 
earth  are  those  which  result  from  the  explosion  of  ful- 
minating powders  ;  and  the  velocity  with  which  .a  bullet 
is  expelled  from  a  gun  is  such,  that  if  it  continued  its 
motion  for  a  year  it  would  pass  over  the  space  which  light 
traverses  in  one  second.  If  now  we  ascend  to  the  heavens, 
the  most  rapid  motion  is  that  of  Mercury,  whose  centre 
passes  over  not  less  than  thirty  miles  in  a  second.  Thus, 
ponderable  matter,  so  far  as  we  are  acquainted  with  it, 
never  receives  a  velocity  greater  than  one  six-thousandth 
part  the  velocity  of  light.  Hence  we  are  led  almost  at 
once  to  the  conclusion,  that  if  light  be  a  movement,  it  is 
of  a  substance  essentially  different  from  that  of  ponder- 
able matter. 


*  PottiUet  Elemtm  de  Pkytiquc,  Art.  515. 
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199.  The  general  law  of  the  transmission  of  light  being 
that  it  pursues  a  rectilinear  course,  we  have  to  consider 
the  change  which  its  direction  experiences  on  meeting 
some  obstacle,  as  a  polished  surface.  When  light  from 
any  source  is  incident  on  a  polished  mirror,  the  two  follow- 
ing remarkable  phenomena  present  themselves.  l\  The 
rays  in  one  particular  direction  depict  on  any  object  which 
receives  them  an  exact  image  of  the  sun,  and  their  bright- 
ness increases  with  the  degree  of  polish  of  the  miiTor. 
2".  Rays  are  conveyed  in  every  other  direction;  but  the 
brightness  of  these  rays  decreases  with  the  degree  of  polish. 
The  former  of  tliese  are  said  to  be  regularly  and  the  latter 
irregularly  reflected. 

Let  L  I,  L'  I',  be  rays  from 
the  same  source,  and  let  P  i, 
p'  i',  be  the  perpendicular 
or  normals  to  the  surface. 
Then  the  regularly  reflected 
rays  are  those  reflected  in  the 
directions  r  i,  r'  i,  such  that 

the  angle  r  i  P  of  reflexion  is  equal  to  the  angle  L  i  p  of 
incidence.  The  irregularly  reflected  rays  are  represented 
by  I  D,  I  d',  i  d",  &c.  ;  these  convey  some  portion  of  the 
light  in  every  direction.  We  have  to  deal  at  present  only 
with  the  light  which  is  regularly  reflected,  and  we  shall 
proceed  to  state  and  illustrate  its  laws. 

200.  Laws  of  Reflexian. — When  light  is  incident  on  a 
medium  into  which  it  cannot  enter,  the  change  in  its  direc- 
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tSon  is  expressed  by  saying,  that  '  the  an^e  of  reflexkm  ii 
equal  to  the  angle  of  incidence,  and  in  the  same  plane  witii 
it/  The  following  method,  which  is  constantly  practised 
in  astronomical  observations,  will  serve  to  establish  the 
preceding  laws.  A  telescope  with  which  any  heavody 
body  is  to  be  observed  is  fixed  to  a  large  circle,  moveable 
about  an  axis  passing  through  its  centre.  The  star  is  first 
observed  directly  and  then  by  reflexion  at  the  suifisuieof 
mercury,  or  at  some  other  reflector.  The  circle  bemg 
graduated,  the  position  of  the  telescope  may  be  accnratety 
ascertained.  Thus  the  angles  oi  inddenoe  and  reflexkA 
may  be  measured  with  great  precision,  and  the  agreement 
of  the  results  is  such  as  warrants  us  in  assuming  these  si 
the  true  laws.  The  results  deduced  on  these  laws,  ss- 
sumed  to  be  true,  are  under  every  variety  of  drcnmstanoe 
consistent  with  each  other.  The  laws  are  equally  true 
for  natural  or  for  artificial  light,  and  for  reflexion  at  sD 
surfaces,  whether  of  metals,  precious  stones,  solids,  or  fluidSi 
All  substances  reflect  light  in  some  measure ;  it  is  only  by 
the  reflexion  of  light,  incident  from  some  luminary^  that  we 
see  non-luminous  substances ;  but  polished  surfaces  akme 
reflect  light  according  to  the  laws  with  which  we  are  tt 
present  concerned. 

201.  Formation  of  Images. — From  the  preceding  prin* 
ciples  we  may  readily  explain  the  formation  of  images,  and 
their  symmetrical  position  with  respect  to  the  reflecting 
surface. 

Let  M  h'  be  a  plane  mirror, 
and  L  a  luminous  point.  From 
i«  draw  L  K  perpendicular  to 
the  plane  of  the  mirror,  and 
producing  it  take  kl  equal 
to  K  L :  the  point  L  is  sym- 
metrical with  the  point  L, 
that  is,  it  is  similarly  situated 
with  respect  to  the  mirror.  Then  if  any  line  l'  i  r  be  dntwn^ 
and  L  X  be  joined,  the  angles  l'  i  k  and  l  i  k  being  eqoal. 
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the  angles  lip  and  rip  will  be  equal  also.  Hence>  any 
ray  in  the  direction  l  i  will  be  reflected  in  the  direction  of 
l'  I  produced.  That  which  is  true  for  one  ray  will  be  true 
for  all  others^  as  l  i'^  &c^  so  that  all  the  rays  of  the  re*^ 
fleeted  pencil  r  i  r  i'  are  reflected  at  the  surface,  and  pro- 
ceed just  as  if  they  had  come  originally  from  the  point  h, 
which  is  symmetrical  with  the  point  l.  Suppose  now 
that  an  eye  is  placed  at  a  point  of  the  reflected  pencil. 
The  small  pencil  of  light  which  falls  on  the  pupil  is 
directed  exactly  as  if  it  came  from  L  ;  thus,  by  this  pencil 
the  eye  sees  the  luminous  point  at  l',  without  ever  sup- 
posing that  the  light  comes  from  l,  having  been  bent  by 
reflexion  at  1 1'  on  the  surface  of 
the  mirror.  The  same  reasoning 
will  apply  to  every  point  of  a 
luminous  body,  so  that  the  flame 
of  a  candle  situated  at  i.,  the  eye 
being  at  e>  would  be  seen  in  a 
mirror  M  m'  as  at  l'  :  for  the  top 
of  the  flame  would  be  seen  lowest, 
or  the  object  would  be  inverted. 

Bodies  which  are  not  luminous^  but  only  visible  by  bor- 
rowed light,  present  the  same  phenomena,  since  the  light 
which  is  irregularly  reflected  from  each  point  of  their 
surface,  and  by  which  alone  they  are  visible,  is  propagated, 
as  if  it  were  actually  produced 
by  those  points.  The  two  ends 
L  and  /  of  an  arrow,  for  in- 
stance, will  be  seen  by  the  eye, 
as  if  at  l'  and  t,  and  all  the  in- 
termediate points  will  give  an 
image  on  the  line  i!  and  /'. 
Thus  the  entire  image  will  be 
comprised  between  the  extreme 
rays  from  l  and  /.  The  fixed 
position  of  the  image  must  also 
be  remarked;  wherever  the  eye  is  placed,  the  virtual  or 
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imaginary  object  is  in  the  seme  poritioii,   and  it  is  die 
same  imaginary  object  which  the  eye  alt  B  or  at  x'  Tiews. 

Images  seen  in  this  manner  in  a  plane  mirror  are  tamed 
from  right  to  left  ;  this  every  one  must  have  remarked  oa 
looking  in  a  plane  mirror ;  and  it  is  at  once  intelligible 
from  the  consideration,  that  the  image  of  an  object  seen  m 
a  plane  mirror  is  symmetrically  situated  witb  respect  to 
the  mirror.  The  construction  of  this  symmetrical  image 
is  extremely  simple ;  from  every  point  of  the  object  draw 
perpendiculars  to  the  plane  of  the  mirror,  and  producing 
each  to  a  distance  behind  the  mirror  equal  to  the  distance 
of  the  point  from  the  front  of  the  mirror,  these  extremities 
will  form  the  symmetrical  image  required. 

202.  Consequences, — If  the  surfaces  of  bodies  were  per- 
fectly polished,  the  eye  could  neither  distinguisb  tliem  nor 
even  suspect  their  existence ;  and  again,  if  bodies  had  no 
polish  at  all,  or  rather  had  no  reflecting  power,  we  should 
be  in  the  same  difficulty,  so  far  at  least  as  our  eye  is  con- 
cerned. If  the  moon,  for  instance,  had  a  polished  surface, 
like  a  globule  of  mercury,  we  should  not  see  it,  but  only 
the  image  of  the  sun  which  illumines  it;  and  if  tbe  chairs, 
tables,  and  objects  around  us,  did  not  reflect  light  irregu- 
larly, we  should  never  see  them. 

In  the  same  medium,  supposed  perfectly  homogeneous, 
light  moves  on  without  undergoing  any  reflexion;  but 
whenever  in  its  passage  it  meets  another  medium,  it  under- 
goes at  the  surface,  which  separates  these  two,  a  reflexion 
more  or  less  abundant.  The  passage  from  one  medium  to 
another  is  necessarily  attended  with  reflexion,  and  since  no 
substance  with  which  we  are  acquainted  is  essentially  the 
same  medium,  or  homogeneous,  the  passage  of  light  is 
always  accompanied  by  reflexion.  Thus  a  mass  of  glass 
presents  layers  of  particles  diflerently  arranged,  so  that 
light  experiences  some  reflexion  in  passing  IVom  one  to  the 
other;  the  same  takes  place  in  a  much  greater  degree  in  a 
mass  of  fluid,  and  a  pencil  of  solar  light  experiences  an 
infinite  number  of  partial  reflexions  before  it  reaches  us. 


SECT.  II. 


LAWS   OF  BBFLBXION. 


209 


since  it  traverses  an  infinite  number  of  sucoessiTe  atmo- 
spheric strata  of  different  densitjes^ 

203k  Reflexkm  at  two  Plane  Murws. — The  figure  re- 
presents an  eye  e^  situated  between  two  plane  mirrors^ 


c 

-t- 


which  receive  light  from  a  luminous  point  or  image  at  L. 
Here,  as  in  the  preceding  cases,  we  only  consider  the  light 
which  is  regularly  reflected  (Art.  200)  •  The  eye  so  situ- 
ated will  perceive  a  great  number  of  images,  whose  forma* 
tion  may  be  readily  explained.  The  rays  which  faM 
directly  on  m  form  an  image  at  ▲;  those  which  fiill 
directly  on  m'  form  an  image  at  ▲'.  These  latter  rays, 
after  reflexion,  proceed  as  if  they  started  from  a%  and 
falling  on  the  mirror  m  finrm  an  image  at  b,  the  paints  b 
and  ▲'  being  symmetrically  situated  with  respect  to  tlie 
mirror  m.  Behind  m '  there  is,  similarly,  an  image  aft  o*, 
the  point  c  and  a  being  symmetrical  with  respect  to  the 
mirror  m'.  The  rays  which  have  undergone  a  first  re- 
flexion at  M  and  a  second  at  m\  retam  again  to  m  as  if 
they  had  started  firom  c,  and  consequently  form  an  image 
at  D,  the  points  d  and  c  being  symmetrical  with,  respect  to 
jf,  and  so  on.  Thus  we  may  easily  understand  how  the 
successive  reflexions  give  an  indefinite  number  of  images 
more  and  more  faint,  and  removed  from  each  other^^  accord- 
ing to  a  law  which  may  be  easily  expressed  by  geometry : 
to  distinguish  the  images  which  are  formed  first  at  m  or  m', 
we  may  place  a  body  which  is  red  towards  h,  and  bine 
towards  m'  ;  then  on  one  side  the  images  will  be  alter- 
nately red  and  blue,  and  on  the  other  mirror  alternately 
blue  and  red.     The  same  phenomena  present  themadves 
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at  indined  mirrors,  with  this  differenoo  onlyv  ^  ^^at  tk 
number  of  image»  depends  on  the  angle  of  mclinadaaisf 
the  mirrors.  If  two  or  three  small  oljecta  be^pdaoed  it 
one  end  of  the  glasses  and  the  eye  at  the  other^the  infinitj 
of  images  appear  depicted  in  the  most  beautiful  and  re- 
gular manner  that  can  be  conceived:  these  pheoomeBt 
every  one  who  has  used  a  kaleidoscope  must  have  gased 
on  with  admiration. 

204.  Reflexioti  of  Curved  Mirrors, — The  reflexion  of 
liglit  at  surfaces  which  are  curved  takes  place  just  as  it 
would  if  the  light  were  incident  on  a  plane  mirror,  touching 
the  surface  at  that  point.  This,  which  we  shall  immedi- 
ately shew  to  be  verified  by  experiment^  may  be  demon- 
strated directly  by  theory.  Hence  the  general  laws  which 
we  have  already  enunciated  apply,  without  restriction,  to 
all  surfaces,  whatever  be  their  curvature,  and  all  questions 
of  reflexion  are  reduced  to  finding  the  normal  and  tangent  at 
any  point  of  a  curved  surface,  which  is  a  problem  in  geo- 
metry. Thus,  if  a  luminous  point  be  placed  at  the  centre 
of  a  hollow  sphere  polished  in  the  interior,  the  ra3FS  whid) 
it  emits  to  every  point  in  the  surface  will  be  reflected  back 
on  themselves,  and  return  to  the  centre,  for  these  directioiiB 
will  all  be  perpendicular  to  the  spherical  surface.  When 
the  curved  surface  is  a  paraboloid  or  ellipsoid  the  directkmf 
of  the  reflected  rays  may  be  at  once  ascertained. 

205.  Spherical  ikfirror.^— Since  the  radii  of  a  spheTi<!Sl 
surface  are  all  normals,  that  is,  are  all  perpendicular  to 
the  tangent  at  the  pcnnt  of  incidence,  the  direction  of  the 
reflected  ray  is  known  at  once^  as  we  shall  illustrate  in  the 
following  cases. 

1^  Let  M  m'  be  a  portion 
of  a  spherical  surface,  whose 
centre  of  curvature  is  at  c. 
Let  rays  of  light  fall  upon 
it  parallel  to  the  asis  a  c  ; 
then  any  ray,  as  s  i,  will  be 
reflected   at  i,  so  that    the 
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angle  F  i  0  k  equal  to  the  angle  sic.  Similarly,  any 
other  ray,  as  a  i,  incideDt  at  an  equal  diatanoe  ▲  i%  on 
the  othcar  side  of  ▲  will  be  reflected  to  f.  And  all  the 
mtermediate  rays  will  meet  in  the  same  point.  This 
point  is  the  focus  (Art.  191).  Conversely,  if  the  luminous 
point  be  at  F  the  rays  will  be  reflected  from  the  surface  in 
directions  parallel  to  1 8  and  i'  s. 

2^.  Next  let  the  luminous  point  be  on  the  axis,  as  at 
L.     Then  any  rays,  as  L  i,  l  i',  will  be  reflected  and  con- 


rerge^  as  befiore,  to  a  point  f,  situated  between  a  and  c ; 
and  the  light  at  this  pdnt  or  focus  will  be  very  bright. 
Suppoae  that  these  are  any  other  luminous  points,  as  /  and 
/':  then  drawing  /  c  a,  /'ca,  through  the  centre  c,  the 
n^s  from  these  points  will  converge  to  points  f^jiAf  on 
these  axes;  these  then  will  be  foci,  or  bright  pcnnts. 
Similarly,  the  light  from  any  points  between  these,  as  on 
the  line  /  l/',  will  be  reflected  to  points  on  the  lines 
f  V  f ;  so  that  there  will  be  formed  an  image  of  the 
object;  bat  it  must  be  observed  that  this  image  is  in- 
verted, and  less  than  the  original  object.  If  a  thin  paper 
screen  be  held  at  f  the  object  will  be  seen  distinctly  de- 
picted upon  it.  If  the  object  were  placed  at  f  there 
would  be  an  image  formed  at  i*;  it  would,  however,  be 
very  faint. 

3^.  Let  the  rays  proceeding  from  a  point  on  the  axis  be 
received  on  a  convex  mirror.     Then  any  rays,  as  l  i,  L  t, 
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will  be  reflected  in  the  direetioni  r  r,  i'  k%  and  proceed* 
if  they  started  from  a  pomt  y,  which  is  called  the  Tirtod 
ibcus. 


9-  .'-. 


It  appears  then  that  spherical  surfaces  have  the  pro- 
perty  of  turning  light  from  its  original  direction^  and 
making  it  either  converge  to  particular  points  called  Ibd, 
from  which  it  proceeds  as  from  a  fresh  origin;  or  diverge, 
as  if  it  had  proceeded  from  some  imaginary  points,  calkd 
virtual  foci.  These  properties  may  be  shewn  at  <mce  bf 
receiving  light  on  a  spherical  mirror;  the  focus  will  appear 
as  a  hright  point,  at  which  all  the  light  and  heat  inddeBt 
on  the  mirror  seems  to  be  concentrated. 

When  the  njs  incident  on  a  spherical  minor  are  parallel, 
they  are  brought  to  a  focus  at  the  bisection  of  the  radios : 
conversely,  if  a  luminous  point  be  placed  at  the  hisection 
of  the  radius  of  a  spherical  mirror,  the  reflected  rays  will 
emerge  parallel.  Advantage  is  taken  of  this  property  of 
spherical  mirrors  in  the  construction  of  light-houses.  It  is 
necessary  to  throw  a  strong  light  to  the  distant  horizon; 
this  is  effected  by  reflecting  the  divergent  light  of  a  lumi- 
nous point  into  one  direction  by  means  of  a  spherical 
mirror.  The  lamps  are  set  at  the  bisection  of  the  radius  of 
the  mirrors,  and  the  large  silvered  reflector  which  catches 
its  divergent  rays  reflects  them  all  parallel,  so  that  they  are 
all  propagated  in  the  same  direction. 
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206.  Formation  of  images  by  spherical  Mirrors, — Con- 
cave  or  convex  mirrors  may  be  used  for  the  production  of 
images^  which  will  differ  in  magnitude  from  the  size  of  the 
original  object.  We  cannot  here  trace  all  the  conse- 
quences of  the  preceding  laws  when  light  is  incident  at 
spherical  mirrors;  this  is  a  simple  geometrical  problem^ 
which  may  be  readily  traced  out  in  any  particular  case^ 
and  the  nature  of  the  image  both  as  to  magnitude  and 
position  accurately  determined.  We  can  here  only  shew 
how  the  diminished  image  of  an  object  by  a  convex  sphe- 
rical mirror  is  formed  in  accordance  with  the  preceding 
laws. 

Let  /  L  /'  be  any  object 
placed  before  a  convex  sphe- 
rical mirror;  then  all  the 
rays  from  /  will^  after  reflec- 
tion^ proceed  as  if  they  ^ 
started  originally  frGmf,  all 
those  from  /'  may  be  con* 
sidered  as  having/'  for  their 
origin,  and  the  intermediate 
points  will  have  their  virtual 
foci  on  the  line/p/'.  Thus  an  image  will  be  formed; 
and  an  eye  at  b  will  see  a  diminished  image  of  the  object. 
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Section    III. 

KETRACnON   OF  LIGHT— <;BITXCAL   AHGLK— UKUSVAK    KXFRAClMir— ' 

MIRAOB. 

207.  In  the  preceding  section  we  oonmdered  the  laws  of 
that  portion  of  the  light  incident  at  a  given  8urfiice»  whkii 
is  thrown  hack  or  reflected  hy  that  surface;  we  have  now 
to  consider  the  laws  of  that  portion  of  the  light  which 
enters  the  medium.  The  direction  of  the  xayia  changed 
here,  and  the  light  is  consequently  said  to  be  refiaded. 
Thus  the  refraction  of  light  may  he  defined  to  be  tlw 
change  or  deviation  in  direction  which  light  experienoet 
in  passing  from  one  medium  to  another.  We  have  already 
explained  (Art.  190)  the  nature  of  the  change  which  takes 
place  when  light  passes  from  one  medium  to  anodieri  as 
from  air  to  water,  or  from  water  to  air;  we  have  now  U 
state  the  law  which  expresses  the  exact  amount  of  this 
change  in  direction. 

208.  Law  of  Refracihn.'^Wlk^  light  is  incident  on  a 
surface  at  which  it  enters,  so  that  it  passes  from  one 
medium  to  another,  the  change  which  takes  place  in  its 
direction  is  expressed  by  saying,  that  *  the  ratio  of  the  sines 
of  the  angles  of  incidence  and  refraction  is  invariable  for 
the  same  medium.'     This  we  shall  endeavour  to  explain. 

Let  a  vessel  which  is  a  hemisphere  be  filled  with  water, 
whose  surface  is  A  b  ;  let  the  other  hemisphere  be  represented 
by  the  line  A  s  b.  Let  a  solar  ray  he  incident  at  c  in  the 
direction  s  c^  and  refracted  in  the  direction  c  r  ;  then  son 
is  the  angle  of  incidence,  and  r  c  n  of  refraction ;  also,  if 
8  D  be  drawn  perpendicularly  to  c  n,  and  r  f  to  c  at,  these 
are  respectively  the  sines  of  the  angles  of  incidence  and 
refraction.     Then   if  these  lines  be  measured^  they  will 
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be  found  to  have  to  each  other  the  ratio  of  4  to  3.  Again, 
let  s'  c  be  any  other  inci- 
dent ra7>  and  c  r'  its  re- 
fracted ray,  then  drawing 
the  perpendiculars  s'  d'^ 
b'  p',  these  lines,  which  are 
the  sines  in  this  case,  will 
be  found  to  have  precisely 
the  same  ratio.  And  what- 
ever angle  of  incidence  be 
taken,  this  ratio  will  be 
alwa3rs  the  same  for  water.  This  ratio,  which  is  termed 
the  index  of  refrtutian,  is  different  for  every  different  sub- 
stance* Thus,  if  the  water  change  its  temperature,  ot 
have  any  substance  dissolved  in  it,  it  is  really  a  different 
medium,  and  eonsequently  there  wHl  be  a  different  value 
for  this  ratio.  Its  value  for  glass  is  nearly  that  of  3  to  2^ 
but  it  differs  sHg^tly  for  every  different  land  ^  ^Ums.  A 
thorough  examination  of  this  law,  and  of  the  methods 
by  which  it  is  established,  would  lead  us  into  too  great 
detail;  it  has  recently  been  verified  by  Fremel  in  a  manner 
and  with  results  which  can  leave  no  doubt  of  its  truth. 
Assuming  the  truth  of  the  law  he  calculated  the  refractions 
for  prisms  of  very  different  angles,  but  of  the  same  material; 
the  calculated  and  observed  results  agreed  uniformly  to 
six  placSs  of  dedmals. 

When  a  ray  of  light  passes  from  water  into  air  the  angle 
of  incidence  is  that  which  it  makes  in  the  water,  and  the 
angle  of  refraction  that  which  it  makes  in  the  air.^  But  dieir 
value  is  still  the  same,  as  the  simplest  experiments  will 
shew,  so  that  a  ray  of  light  pursues  the  siune  path  in 
whichever  direction  we  suppose  it  to  proceed.  Thus,  in 
viewing  an  object  by  a  ray  of  light  which  has  been  re- 
flected or  refracted  in  any  manner,  we  may  consider  that 
the  path  of  the  light  is  precisely  the  same,  whether  we  trace 
a  ray  from  the  eye  to  the  object,  ot  from  the  object  to  the 
eye.    The  refraction  of  light  is  always  accompanied  with 
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reflexion  m  we  hmve  already  Hated ;  heooe  Aese  v  dwan 
iioino  light  lost  by  refraction^  tliat  ia»  die  whole  of  the  ^ 
b  not  transmitted. 

When  light  panes  into  a  denacr  medium,  us  ham  tf 
into  water  or  glass,  the  angle  of  refiRactiim  ia  leai  than  te 
angle  of  incidence,  and  conaequently  the  reineted  raj  ii 
drawn  nearer  to  the  normal ;  but  when  light  pasaeaintet 
rarer  medium,  as  from  ^aasor  water  into  air,  the  angkof 
refraction  is  greater  than  that  of  incidenoBy  or  the  xefiniclBA 
ray  is  drawn  from  the  normal.  This  will  be  at  once  en- 
dent  if  we  consider  that  the  path  of  a  ny  is  aiwayi  tie 
same  in  whichever  direction  it  is  suppoaed  to  paaa. 

209.  Critical  Angle.^^The  leaat  ralue  of  the  angle  of 
incidence  is  zero ;  in  this  case  the  ray  ooincidea  vnA  the 
normal^  and  consequently  passes  straight  in,  suffering  no 
refraction.  At  all  other  angles  there  ia  refraction,  and 
whatever  be  the  angle  of  incidence*  a  raj  of  light  eta 
always  pass  into  a  denser  medium,  as  ghna.  But  that 
are  certain  cases  in  which  a  ray  of  light  cannot  paaa  intos 
rarer  medium ;  as,  for  instance,  a  ray  of  light  incident  at  i 
particular  angle,  or  at  an  angle  greater  than  the  particolar 
value  in  a  mass  of  glass,  cannot  pass  out  into  air.  Tiie 
angle  of  incidence  in  glass  or  water  at  which  it  cannot  pass 
out  is  called  the  critical  angle ;  this  will  require  farther 
explanation. 

A  ray,  s  i,  incident  at  any 
angle  from  nothing  up  to  a 
right  angle,  will  pass  into  a 
mass  of  glass  or  water,  whose 
surface  is  A  b,  and  be  re- 
fracted in  some  direction,  as 
I  R ;  also  a  ray^  as  b  i  or  r'  i, 
will  pass  out  and  be  refracted 

in  the  direction  i  s  or  i  s'.  But  suppose  a  ray  to  have  a 
somewhat  larger  angle  of  incidence  than  R'  i,  so  th^t  the 
angle  of  refraction  is  just  a  right  angle,  the  emergent  ray 
will  then  coincide  with  the  surface.     If  now  the  angle  of 
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incidepce  be  increased  a  little  moare*  the  ray  will  not  emerge 
at  all,  but  will  be  reflected  instead  of  refracted,  and  lie 
within  the  medium,  as  i  r.  The  value  of  the  angle  of 
incidence  at  which  this  phenomenon  takes  place,  depends 
on  the  nature  of  the  medium ;  in  water  it  is  about  48^  35', 
and  in  glass  4P  35';  when  the  angle  of  incidence  is 
greater  than  this^  the  light  is  totally  rejected ;  and  this  is 
the  only  case  in  which  light  can  be  reflected  without  some 
diminution  6f  intensity.  If  then  a  luminous  point  be  under 
water,  there  are  some  positions  of  the  eye  in  which  it  can« 
not  be  seen.  Thus  an  eye  situated  under  water  will  see 
many  objects  within  the  water  by  reflexion  at  the  surface. 

210.  Unusual  Refi'actUm.^A.n  viewing  distant  objects 
it  frequently  happens,  that  under  certain  circumstances 
there  are  seen  together  with  the  objects  images  erect,  in- 
verted, and  more  or  less  altered  in  their  contour  and 
dimensions.  The  most  notable  instances  of  these  pheno- 
mena arey  the  mirage  observed  by  the  French  expedition 
in  Egypt,  the  inverted  and  double  images  of  a  ship  seen 
l^  Scoresby  in  the  Greenland  seas,  and  the  apparent 
elevation,  which  often  occurs.  Of  these,  the  mirage  is 
particularly  deserving  of  an  attentive  consideration. 

The  soil  of  Lower  Egypt  forms  an  immense  plain,  over 
which  the  waters  of  the  Nile  flow  at  the  period  of  its 
inundations.  On  the  banks  of  this  river,  and  at  great  dis- 
tances in  all  directions  throughout  this  desert,  are  small 
eminences  on  which  the  villages  stand.  In  general  the 
atmosphere  is  calm  and  clear ;  at  the  rise  of  the  sun  the 
distant  eminences  and  the  villages  upon  them  are  seen 
with  great  distinctness,  and  the  spectator  embraces  in  every 
direction  an  extensive  field  of  view,  owing  to  the  perfect 
level  of  the  soil.  But  as  the  day  advances  and  the  heat 
increases  in  intensity,  the  sand,  being  much  hotter  than  the 
atmosphere,  heats  the  strata  which  are  in  immediate  con- 
tact with  it.  Thus  numerous  currents  are  established 
with  greater  or  less  regularity ;  and  there  is  in  the  air  a 
species  of  trembling,  which  is  very  sensible  to  the  eye^  and 
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the  images  or  appearances  of  all  distant  objects  are,  in 
eotueqtience,  exceedingly  ill  defined;  the  objects  appear 
to  vanish  and  reappear  at  each  instant,  as  if  suddenly 
broken  up  and  recomposed.  This  phenomenon,  which  may 
he  observed  in  a  slight  degree  in  our  own  climate  during 
the  heat  of  summer,  does  not  constitute  th^  remarkable 
phenomenon  of  mirage;  but  when  the  currents  have 
ceased  to  disturb  the  equilibrium  of  the  atmosphere,  and 
^  strata  of  air  near  the  plain  remain  perfectly  at  re^ 
iiaving  acquired  a  high  temperature  from  the  hot  sandjT', 
then  the  phenomenon  of  the  mirage  is  exhibited  in  all  its^ 
magnificence.  A  spectator  sees  the  distant  eminences^  the 
villages^  and  all  other  objects  slightly  elevated^  but  beneath 
them  he  sees  their  image  inverted,  and  consequently  loses 
sight  of  the  soil  on  which  they  rest.  Thus  all  the  elevated 
objects  appear  as  if  situated  in  the  midst  of  an  immense 
lake^  and  the  aspect  of  the  sky  completes  the  illusion,  for  it 
also  is  seen  as  if  by  reflexion  in  still  water.  As  the  ob- 
server advances  towards  the  object,  he  discovers  only  hot 
and  burning  sand  at  the  very  spot  at  whidi  he  believed^ 
when  at  a  distance,  that  he  saw  the  image  of  the  skyp.or 
some  other  olgect;  but  before  him,  a  little  farther  off,  he 
discovers  another  object  under  a  similar  aspect*  This  phe* 
nomenon,  which  was  often  observed  duzing  the  Freiidi 
expedidon  in  Egypt,  was  a  spectacle  equally  novel  and 
distresmng.  The  soldiers,  when  they  saw  at  a  diatanoa  m 
the  burning  j^ains  the  reflexion  of  the  sky,  the  inverted 
image  of  the  houses,  of  the  palm  trees,  and  of  all  tb^ 
objects  on  the  horison,  could  not  doubt  but  that  they  wetfe 
formed  by  reflexion  at  the  surface  of  some  beautifiil  Iskt. 
Fatigued  by  their  forced  marches  under  an  int^ise  sui^ 
and  in  an  atmosphere  full  of  burning  sand,  they  ran  to  the 
imagined  water,  but  it  fled  before  them }  it  was  only  the 
imusual  refraction  of  the  heated  air  which  gave  this  cruel 
IQuJaion. 

Let  M  B  represent  the  level  surface  of  the  soil,  which  is 
very  much  heated  by  the  sun ;  then  since  the  stratum 


SECT.  III. 


LAWS  OF  RSFltAOI^lOK; 


'.  '* 


dOQ 


next  the  surface  is  the  most  heated>  the  successiye  strata 
will  increase  in  density  for  a  certain  distance ;  at  some  point 
the  density  will  he  constant,  and  will  then  decrease, 
according  to  the  known  laws  of  the  constitution  of  the 
atmosphere.  Under  these  circumstances  let  us  consider 
how  the  rays  of  light  from  an  elevated  object  may  be 
modified  so  as  to  come  to  the  eye  of  a  spectator.  Let  the 
eye  be  placed  at  b,  and  let  us  consider  the  rays  which 
start  from  a  point  h  of  the  object.  It  is  evident,  first,  that 
the  eye  will  see  the  object  directly  by  the  rays  in  the 
direction  h  e  ;  these  rays  will  not  come  absolutely  straight^ 
they  will  be  slightly  carved,  according  to  the  usual  laws 
which  will  give  a  slight  elevation  to  the  point  h.  The 
distance,  however,  of  the  spectator  from  the  object  is  too 
small  to  admit  of  much  deviation.  But  among  all  the 
rays  which  the  point  h  propagates  in  every  direction  there 
will  be  some  which  can  come  to  the  eye  according  to  the 
path  H  I  K  L  M  N  o  E ;  now  since  an  object  is  seen  in  the 
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direction  in  which  the  ray  enters  the  eye,  the  rays  wbidi 
ooine  in  this  manner  will  make  the  object  appear  in  the 
direction  e  o  z,  and  there  will  be  formed  an  inverted  image 
of  the  object,  just  as  if  it  were  viewed  in  a  plane  mizrof. 
Any  ray,  h  i  for  instance,  falling  obliquely  at  x  on  a 
stratum  which  has  a  less  refracting  power  than  a  atratom 
at  K,  heing  less  dense,  will  be  refracted  from  the  nomudi 
and  so  at  every  successive  stratum.  And  since  it  Alls  on 
each  successive  stratum  at  a  greater  obliquity,  it  will  at 
some  point  be  reflected,  and  then  passing  on  thzoo^ 
strata  increasing  in  density,  it  will  be  brought  to  thelqre 
describing  the  course  represented  in  the  figure. 

St!ich  was  the  explanation  given  by  Monge  on  the  occasion 
of  the  phenomenon  being  observed.  If  any  doubt  is  felt 
respecting  the  explanation  of  the  preceding  phenomenon,  it 
will  be  instantly  dispelled  by  imitating  the  circumstances 
on  a  small  scale,  and  observing  the  phenomena.  Take  a 
red-hot  poker  and  look  along  its  surface  at  some  object, 
and  there  will  be  seen  an  inverted  image  as  well  as  the 
object  itself.  Here  the  strata  of  air  just  about  the  surface 
of  the  poker  are  afiected  in  the  same  manner  as  the  air 
above  the  hot  sand  of  Egypt. 

The  elevated  and  inverted  images  of  a  ship  are  to  be 
referred  to  the  same  principles  of  unusual  refraction.  In 
1822,  Scoresby  recognised  his  father's  ship  by  its  inverted 
image  in  the  air,  although  the  ship  itself  was  below  the 
horizon,  and  at  a  time  when,  as  was  afterwards  ascertained, 
it  must  have  been  30  miles  distant.  In  this  and  all  simi- 
lar cases  the  direct  rays  do  not  come  to  the  eye,  or  shew 
the  object  as  it  really  i»;  but  of  the  rays  which  diverge  in 
every  direction,  some  which  were  propagated  upwards 
meet  with  strata  of  proper  density,  and  may  be  ln*ought  to 
the  eye  by  continued  refraction  in  the  manner  already  de- 
scribed. The  density  of  the  air  will  depend  on  the  tem« 
perature ;  hence  from  causes  which  cannot  be  foreseen  the 
rays  may  encounter  strata  of  very  different  densities,  so 
that  the  eye  may  receive  two  rays,  having  come  by  dif« 
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ferent  paths  from  each  point  of  the  ohject^  and  of  these 
two  rays  one  may  give  an  inrerted,  and  the  other  an  erect, 
image. 

The  elevation  of  coasts,  mountains^  ships,  when  seen  over 
the  surface  of  the  sea,  which  is  usually  termed  looming^ 
are  instances  of  refraction  which  may  constantly  occur. 
The  rays,  whose  first  direction  was  upwards,  meeting  with 
rarer  strata,  are  refracted  and  hrought  down  again  to  the 
eye,  which  assigns  the  ohjects  to  the  direction  in  which  the 
ray  enters  it ;  thus  they  appear  more  or  less  elevated  ac- 
cording to  the  state  of  the  atmosphere. 


Section  IV. 

PRISMS — PASSAGE   OP   LIGHT — DKVIATION — CAMERA   LUCIDA— LEKSIS— 
XMAGBS — MAGIC   LAHTERN — TELESCOPES. 

211.  Any  transparent  medium,  having  two  or  more  plane 
surfEU^s,  may  he  used  as  a  prism  in  the  manner  which  will 
he  hereafter  described.  If  any  number  of  plane  faces  be 
cut  on  a  mass  of  glass  of  any  conceivable  shape,  the  glass 
comprised  between  two  of  these  faces  constitutes  a  prism; 
and  when  light  enters  by  one  and  emerges  by  the  other,  it 
passes  through  or  traverses  the  prism. 

In  most  experiments,  a  prism  such  as  is  ^^^ 

represented  in  the  figure,  having  three 
rectangular  faces,  is  employed.  These  / 
faces  are  represented  by  a  b,  a  c',  and  b c'. 
When  the  light  passes  through  the  faces 
A  B  and  B'  c,  the  edge  b  b  is  called  the 
summit  of  the  prism,  and  the  face  A  c'  is 
the  base ;  and  when  it  passes  through  a  c' 
and  b  c,  the  edge  c  c'  is  the  summit,  and  the  ^ 
face  A  b'  the  base.    Such  a  prism  as  the  one 
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here  repreeented  i»  called  a  txiangular  prianip  ciiKse  6?a7 
secdon  parallel  to  b  c  is  a  triangle ;  Imt  we  maj  liave  pEim 
whose  sections  are  parallelograms  or  polygong . 

212*  Pkenomema  of  Prisms. — The  priam  being  placed 
horiaontally   with  its  summit  upwardly    if   the  eja  be 
brought  near  one  of  the  faces  so  as  to  receive  tbclif^ 
which  enters  on  the  opposite  face^  the  following  zeoadc* 
able  phenomena  will  be  observed.     The  light  will  bait 
undergone  considerable  deviation,  so  that  all  objects  wiQ 
appear  elevated  towards  the  summit  of  the  prism ;  noro- 
over,  they  will  appear  coloured  at  their  edges  with  aft  Ae 
colours  of  the  rainbow.     Their  horiaontal  edges  only  will 
shew  these  colours,  the  vertical  ones  appearing  in  their 
natural  colours.     The  base  of  the  prism  must  be  blackened 
or  covered  with  paper,  so  as  to  prevent  irregular  reflexioost 
which  would  interfere  with  the  distinctness  of  the  appesr- 
ances.    If  the  summit  of  the  prism  be  downwards^  the  phe- 
nomena would  be  inverted,  that  is,  objects  would  appear 
extended    and    displaced  downwards.    If  the   prism  be 
placed  vertically,  that  is,  standing  on  one  of  its  triangular 
ends,  the  same  phenomena  will  be  observed  horisontally; 
the  deviation  then  taking  place  from  right  to  left  or  from 
left  to  right,  according  to  the  position  of  the  summit  of 
the  prism.     These  phenomena  are  most  striking  on  view- 
ing through  a  prism  the  bars  of  a  window^  or  the  flame  of 
a  candle  in  a  darkened  chamber. 

Next,  let  a  pencil  of  solar  light  enter  a  dark  chamber 
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through  a  small  hole  a  in  the  direction  b  a  B ;  it  will  give^ 
a  circular  and  white  spot  at  b.  But  if  a  prism  be  Ifrter-^ 
posed  the  light  will  no  longer  form  a  white  spot  (^posiifr 
the  hole,  but  will  be  bent  from  the  sunraiit  of  the  prism 
and  form  a  lengthened  line  at  c,  perpendicular  to  the  edges 
of  the  prism^  and  exhibiting  the  most  vivid  colours ;-  the 
phenomenon  thus  exhibited  is  called  the  solar  spectruim 
The  same  appeiarances  are  invariably  presented  whatever  bfr 
the  position  of  the  prism,  the  spectrum  being  always  per- 
pencBcular  to  the  edges  of  the  prism. 

213".  Directum  and  Emergence  of  the  Rays, — In  the 
preceding  remarks  we  have  supposed  the  length  of  the^ 
prism  to  be  placed  horizontally,  so  that  any  vertical  section 
will  be  a  triangle.  Now  as  any  ray  of  light  will  continue 
during  the  whole  of  its  course  in  the  same  plane,  and  as 
the  light  will  be  affected  in  the  same  manner  in  every 
section,  we  need  only  consider  the  effect  produced  on  a  ray^ 
in  one  section  of  the  prism. 

Let  A  JB  represent  the  face  of  a  triangular  prism  at 
which  a  ray  of  light  8 1  is  incident,  and  a  e  the  second 


face  at  which  the  ray  emerges  in  the  direction  i'  E.  In 
passing  from  air  into  glass  the  ray  s  i  is  broken  at  i,  and 
brought  nearer  to  the  normal  n  n ;  on  reaching  the  second 
surface  it  is  broken  again,  and  passes  into  the  air  in  a 
direction  removed  from  the  normal.  We  can  conceive 
then  that  the  direction  of  the  emergent  ray  i'  b  must 
depend  on  the  index  of  refraction  for  air  and  glass  (Art. 

2  B 
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208),  on  the  refracting  angle  of  the  prism,  and  on  tiie 
angle  of  incidence  at  the  first  face.  These  quantities  aie 
connected  together  by  a  remarkable  formula;  biit  to  avoid 
too  complicated  a  discussion  we  shall  confine  ourselves  to 
the  examination  of  some  of  the  most  important  cases. 

W.e  have  then  to  examine  the  conditions  under  which 
the  emergence  can  take  place;  for  we  know  that  light 
cannot  under  all  circumstances  emerge  into  a  less  refracting 
medium,  as  air;  and  that  there  will  be  some  angle  of 
incidence  for  which  the  ray  will  suffer  total  reflexion  at 
the  second  surface.  Let  L  be  this  limiting  angle  of  in- 
cidence, or  the  critical  angle  ( Art.  209) »  dnd  let  a  he  the 
refracting  angle  of  the  prism.  We  shall  exatnine  in  order 
the  three  cases. 

A=:2  L,   A^Ly   A  <  L. 

V,  If  the  refracting  angle  of  the  prism  be  double  the 
critical  angle,  none  of  the  rays  which  enter  at  the  first  face 
can  emerge  at  the  second ;  but  the  rays  on  reaching  the 
second  surface  will  all  be  reflected  downwards  towards  the 
base  of  the  prism.  An  orifice  then  closed  with  such  a  prism 
will  not  admit  the  least  light;  but  the  interior  will  be 
dark  as  if  some  perfectly  opaque  substance  were  inter- 
posed. 

2°.  When  the  refracting  angle  is  equal  to  the  critical 
angle,  some  rays  can  emerge,  but  others  cannot.  All  the 
rays  which  are  incident,  as  s  i,  between  the  normal  n  i  and 
the  base  of  the  prism  can  emerge  at  the  second  surface,  but 
all  that  are  incident  on  the  side  of  the  normal  next  the 
summit  or  refracting  angle  cannot  emerge;  they  will  be 
reflected. 

3°.  When  the  refracting  angle  is  less  than  the  limiting 
angle,  the  preceding  case  is  reversed.  All  the  rays  which 
fall  between  the  normal  and  the  summit  can  emerge  at  the 
second  surface,  but  those  which  fall  on  the  other  side  of 
the  normal,  between  it  and  the  base,  as  s  i,  cannot  emerge. 

All   these   laws  can  be  verified  in  the   most  distinct 
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manner  by  experiment,  but  to  trace  them  out  in  detail 
would  far  exceed  our  present  limits. 

214.  Deviation.  —  We  have  seen  that  a  ray  of  light 
always  suffers  a  change  in  direction  in  its  passage  through 
a  prism,  and  the  amount  of  this  change  can  be  accurately 
calculated.  The  angle  of  deviation,  or  the  deviation,  is 
the  angle  which  the  direct  image  forms  with  the  refracted 
image,  the  object  being  supposed  infinitely  distant;  or  it 
may  be  defined  as  the  angle  through  which  the  incident 
ray  has  been  bent  to  bring  it  into  the  direction  of  the 
emergent  ray.  Thus  s  i  (Art.  213)  being  the  incident 
ray,  and  i'  E  the  emergent  ray,  if  the  eye  be  placed  at  e 
near  the  prism  it  may  receive  at  the  same  time  a  pencil  in 
the  direction  i'  £  and  s'  e  ;  the  first  wilF  come  from  the 
object  seen  by  refraction,  the  second  from  the  object  seen 
directly,  and  the  angle  s'  E  i'  which  these  two  images  form 
is  the  deviation. 

If  the  prism  be  turned  about  as  an  object  is  viewed,  the 
deviation  will  change  with  the  apparent  change  of  position 
of  the  object.  But  there  is  one  position  of  the  prism  in 
which  the  object  will  appear  for  a  moment  stationary,  and 
then  if  the  prism  be  turned  on,  the  image  will  move  back 
again ;  when  the  image  appears  for  an  instant  stationary 
it  will  be  found  that  the  deviation  is  a  minimum,  that  is, 
less  than  in  any  other  position  of  the  prism,  and  it  will  be 
found  that  this  minimum  obtains  when  the  angles  of  in- 
cidence and  emergence  are  equal.  The  existence  of  this 
minimum  deviation  can  be  shewn  most  distinctly  by  a 
pencil  of  solar  light  in  a  dark  room.  The  spectrum  will 
change  in  position  as  the  prism  is  turned  round.  Starting 
from  some  extreme  position  of  the  spectrum,  and  turning 
the  prism  constantly  in  the  same  direction,  the  motion  of 
the  spectrum  will  at  one  instant  appear  to  stop;  and  under 
these  circumstances  the  deviation  is  a  minimum. 

The  index  of  refraction,  or  the  refractive  power  of 
different  substances,  is  determined  by  making  a  ray  of  light 
fall  on  a  prism,  so  that  the  deviation  may  be  a  minimum. 
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From  mathematical  reasoning  it  appears  that  the  measure- 
ments made  under  these  drcumstances  will  be  less  liaUe  to 
error  than  under  any  other,  and  also  that  the  deviatkm  is 
a  minimum  when  the  ray  is  so  incident  that  theaxi^ 
of  emergence  shall  be  equal  to  the  angle  of  inddeiMe. 
The  refractive  power  of  most  substances  has  been  -as^- 
tained  with  great  care^  and  the  results  are  tabulated.  The 
lowest  refractive  power  is  that  exhibited  when  light  posses 
into  the  most  perfect  vacuum  which  we  can  mc^e ;  next 
come  air  and  gases  of  different  densities ;  water^  whidi  is 
the  least  refractive  of  liquids,  alcohol,  oil,  glass,  and  lastly 
the  diamond,  which  possesses  the  highest  refractive  powtt. 
There  is  some  relation  betwixt  the  refractive  powers  and 
the  density  or  specific  gravity  of  substances.  Also  those 
which  are  inflammable  have  a  higher  refractive  power  than 
others  of  the  same  specific  gravity,  but  which  do  not  pos- 
sess this  property.  It  was  from  observing  the  high  refrac- 
tive power  of  the  diamond  in  comparison  with  its  actual 
density  that  Newton  conjectured  it  to  be  combustible  in 
its  nature. 

215.  Camera  Lucida, — 
This  beautiful  little  instru- 
ment, invented  by  Wollas- 
ton,  furnishes  so  excellent 
an  illustration  of  the  pre- 
ceding principles,  that  we 
cannot  wholly  omit  it.  Its 
essential  part  is  a  quadri- 
lateral prism  A  B  c  D,  hav- 
ing a  right  angle  at  b,  and 
an  angle  of.  135°  at  adc.  This  exact  value  of  the  angle 
is  necessary,  as  the  simplest  geometry  would  shew,  for  the 
production  of  the  proposed  effect.  A  ray  l  i  from  any 
object  enters  the  prism  in  a  direction  perpendicular  to  the 
side  B  c,  and  is  totally  reflected  at  the  surface  d  o ;  it  is 
again  totally  reflected  at  the  surface  a  d,  since  the  angle 
of  incidence  at  both  these  surfaces  is  greater  than  the 
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critical  an^e  3  then  falling  perpendicularly  on  ▲  b  it  em^-ges 
in  the  direction  R  b.  The  eye  heing  placed  &o  that  the 
centre  of  the  pupil  p  is  exactly  over  the  summit  a  of  the 
prism^  will  see  the  image  h  projected  on  a  piece  of  paper 
in  the  direction  e  f^  and  also  the  paper  as  at  o,  on  which 
the  image  is  projected.  With  a  pencil  then^  since  the  eye 
will  see  both  it  and  the  image^  an  exact  copy  of  the  object 
may  be  traced. 

216.  Lenses. — A  lens  is  made  from  some  transparent 
medium^  and  possesses  the  property  of  increasing  or  di- 
minishing the  natural  convergence  of  a  pencil  of  light. 
The  lenses  which  are  used  are  exclusively  spherical,  or 
plane  and  spherical;  other  surfaces,  as  elliptical,  parabolic, 
&C.  being  exceedingly  difficult  to  execute  practically,  have 
not  hitherto  been  employed.  The  combination  of  a  plane 
and  spherical  surface  gives]  six  different  lenses,  to  which 
the  following  names  are  assigned. 

1.  A  double  convex,  in  which 
both  surfaces  are  convex ;  where- 
of the  radii  c  a,  c'  a',  may  be 
equal  or  unequal. 

2.  A  plano-convex,  in  which 
one  surface  is  plane,  and  the  other  convex* 

3.  A  meniscus-convergent,  in  which  the  radius  of  the 
first  surface  is  greater  than  the  radius  of  the  second. 

4.  A  double  concave,  in 
which  both  surfaces  are  con- 
cave, and  their  radii  c  A,  c'a', 
equal  or  unequal. 

5.  A  plano-concave,  in  which  one  surface  is  plane  and 
the  other  concave. 


o       A/  /a 


6w  A  meniscus-divergent y  in  which  the  radius  c  a  of  the 

2e  2 
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first  gur£aee  it  less  than  the  radius  c'  a'  of  the  second;  it  is 
only  in  this  respect  of  the  relative  magnitude  of  the  radii 
that  this  differs  from  the  3"^. 

The  three  first  of  these  hare  sharp  edges^  or  are  thinner 
at  the  edges  than  at  the  middle :  they  are  also  convergent, 
that  is^  they  increase  the  convergence  or  diminish  the 
divergence  of  the  pencils  of  light  which  pass,  through 
them.  The  three  last  are  thicker  at  the  edges  than  at 
the  middle;  they  are  divergent  lenses^  that  is,  they  di- 
minish the  convergence,  or  increase  the  divergence^  of  a 
pencil. 

The  axis  of  a  lens  is  the  mathematical  line  o  c',  which 
joins  the  centres  of  curvature  of  the  two  surfaces;  in 
plano-convex  and  plano-concave  lenses  the  axis  is  the 
perpendicular  from  the  centre  of  curvature  on  the  plane. 
'  217.  Formation  of  Images. — Lenses  possess  the  pro- 
perty of  bringing  rays  to  a  focus  by  refraction^  as  we  have 
already  seen  done  by  reflexion  at  spherical  mirrors.  Let 
L  be  a  luminous  point  on  the  axis  of  a  double  convex  lens; 


then  it  may  be  shewn  by  mathematical  calculation  that  all 
the  rays  from  l  will  be  brought  to  a  point  F,  which  is 
termed  the  focus  of  the  lens.  Similarly,  the  rays  from  a 
point  /  will  be  brought  to  a  focus  /on  I  o  produced;  and 
the  rays  from  /'  will  similarly  be  brought  to/'.  The  inter- 
mediate points  on  /  L  /'  will  have  the  foci  oil/f/'  ;  thus  an 
inverted  image  of  the  object  will  be  formed.  The  pcnnts  l 
and  F  are  said  to  be  conjugate  to  each  other,  because  the  ob- 
ject being  at  either  of  them  its  image  will  be  at  the  other. 
There  are  many  curious  and  instructive  properties  con- 
nected with  these  points  in  different  lenses,  on  which  we 
cannot  here  enter.    The  construction  of  telescopes^  and  of 
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all  optical  instruments  depends  on  the  properties  of  lenses, 
and  the  images  which  are  formed  in  conformity  with  the 
foregoing  laws. 

In  considering  the  passage  of  a  ray  of  light  through  a 
lensy  we  may  always  conceive  that  it  is  incident  on  a  plane 
surface  which  is  a  tangent  to  the  curved  sur&ce  of  the 
lens  at  the  point  of  incidence.  Thus  the  laws  of  lenses  are 
reduced  to  those  of  prisms;  for  a  tangent  being  conceived 
drawn  at  each  point,  every  ray  is  affected  just  as  if  it  were 
incident  on  and  emergent  at  the  plane  surface^  whii^  is 
perpendicular  to  the  radius  at  each  point. 

218.  Magic  LasUem. — The  construction  of  this  instru- 
ment wiU  serve  to  illustrate  most  of  the  laws  of  reflexion 
and  re&action  which  have  been  explained.     It  consists  of  a 
lamp  L  placed  in  the  focus  of 
a  spherical   mirror   m;    the 
rays  reflected  at  this  mirror 
are  received  on  a  lens  a^  of 
which  the    only  use    is    to 
make  them  fall  in  a  proper 
direction  on  the  painted  slide 
which    is    inserted    at    b  c. 
The    figures    on    this    slide 
being    strongly  illuminated, 

the  light  proceeds  to  the  lens  d  e  by  which  it  is  brought 
to  a  focus  at  p;  after  this  point  it  diverges  in  the  direc- 
tions F  6^  F  H ;  thus  a  magnified  image  is  formed  on  a 
screen  placed  to  receive  the  rays  at  some  distance  from  f^ 
and  the  greater  the  distance  the  more  will  the  objects  be 
magnified.  The  intensity  however  of  the  light  diminish-' 
ing  as  the  square  of  the  distance^  the  image  at  great  dis- 
tances of  the  screen  is  not  bright  enough  for  distinct 

vision. 

The  phantasmt^oria  is  nothing  but  a  magic  lantern 
with  some  contrivance  by  which  the  lantern  is  made  to 
recede  or  advance^  so  that  the  image  on  the  screen  ex- 
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pands  to  a  ^gantic  size,  or  contracts  into  a  most  dimhm- 
tive  object^  or  mere  luminous  spot.  The  solar  microseoifi 
is  also  the  same  in  principle,  the  sun's  rays  furnishing  tlw 
light,  and  their  intensity  is  such  that  the  screen  may  be 
placed  at  a  great  distance  from  the  lens^  and  the  imag^ 
consequently  have  great  magnitude.  The  oxy^hydroga 
microscope  differs  in  no  respect  from  the  preceding  but  in 
the  origin  <^  its  light,  which  is  produced  by  the  com- 
bustion ci  oxygen  and  hydrogen  on  a  point  of  lime. 


Section  V. 

CONSTITUTION    OP    LIOHT ANALYSIS SPECTRUM DECOMPOSITION   A5,> 

REC03CP0SITI0N   OF    LIGHT RAINBOW LINES    IN    SPKCTBUai'— IRRA- 
TIONALITY  ACHROMATISM PROPERTIES   OP   THB    RAYS* 

219.  We  have  hitherto  spoken  of  light  without  any 
reference  to  its  constitution.  We  have  traced  the  laws  to 
which  the  directions  of  rays  are  subject  when  they  are 
received  on  particular  surfaces;  it  remains  now  to  con- 
sider the  actual  constitution  of  light  itself.  The  impres* 
sion  which  would  naturally  arise  is,  that  light  is  a  »mple 
"element,  homogeneous  and  uncompounded,  but  it  may 
easily  be  shewn  by  experiment  that  white  or  aolar  light 
is  compounded  of  many  different  coloured  rays. 

To  effect  this  let  a  pencil  of  solar  light  be  received  on  st 
mirror  m  m'  so  situated  as  to. reflect  it  in  a  horijtontal  direc- 
tion through  a  hole  in  a  shutter  into  a  dark  room.  Then 
if  a  screen  be  placed  at  right  angles  to  the  path  of  the 
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Violet. , 


pencil^  there  will  be  a  round  and  white  image  of  the  sun 
at  w.  If  now  a  prism  a  b  c  be  interposed,  the  light  will 
no  longer  form  a  round  white  image  at  w^  but  an  elon- 
gated and  coloured  image  b  y^  which  is  the  solar  spec- 
trum. The  appearance  of  the  spectrum  to  a  person  in 
front  of  it  is  a  succession  of  coloured  spaces,  as  indicated  in 
the  figure.  The  breadth  of  the  spectrum  r  v  is  always 
equal  to  the  diameter  of  the  direct  image  w ;  but  the  length 
R  V  of  the  spectrum  depends  entirely  on  the  nature  of  the 
substance  out  of  which  the  prism  is  formed,  and  on  its 
refracting  angle.  That  the  colours  may  be  clearly  shewn, 
the  screen  on  which  the  light  is  received  must  be  at  such  a 
distance  from  the  prism  that  the  length  of  the  spectrum  is 
double  its  breadth.  When  the  spectrum  is  clearly  formed 
the  colours  succeed  each  other  in  the  following  order :  red, 
orange,  yellow,  green,  blue,  indigo,  violet.  The  order  of 
succession  is  invariable,  and  the  red  ray  always  suffers  the 
least  and  the  violet  the  greatest  deviation:  thus  the  red 
ray  is  said  to  be  the  least,  and  the  violet  the  most  refran- 
gible; and  the  other  rays  possess  different  degrees  of 
refrangibility.  These  seven  different  colours  are  usually 
called  the  seven  colours  of  the  prism,  or  of  the  rain- 
bow ;  it  will  be  seen,  however,  that  though  our  eyes  count 
but  seven  different  colours,  the  variety  of  shades  of  colour 
which  exists  is  infinite. 
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220.  Refrangibilities  of  the  rays. — That  the  rays  have 
different  degrees  of  refrangibility  is  evident  &om  l3te 
form  of  the  spectrum;  for  the  violet  ray  which  comes  to 
V  has  a  much  greater  angle  of  emergence  from  the  prism 
than  the  ray  which  comes  to  R ;  and  since  they  both  have 
the  same  angle  of  incidence  on  the  first  face  of  the  prism, 
we  must  conclude  that  the  violet  is  more  refrangible  than 
the  red ;  and  from  the  same  reasoning  it  is  evident  that 
the  intermediate  colours  have  intermediate  refrangibilities. 
But  this  law  may  be  shewn  in  the  following  sim]de 
manner. 

Let  the  spectrum  be  received  on  a  screen  with  a  small 
opening,  behind  which  is  fixed  a  second  prism.  Then  by 
turning  the  first  prism  all  the  colours  of  the  spectrum  may 
be  brought  successively  over  the  hole  and  refracted  by  the 
second  pnsm^  when  it  will  be  seen  that  the  violet  will  be 
refracted  most  of  all;  the  indigo  a  little  less  than  the 
violet ;  then  the  blue^  &c. ;  and  last  of  all  the  red.  Thus 
the  degrees  of  refrangibility  are  the  same  as  the  order  of 
the  colours  in  the  spectrum. 

The  preceding  experiment  applies  not  only  to  the  seven 
different  colours  which  we  have  distinguished  in  the  spec- 
trum, but  also  to  different  rays  of  the  same  colour.  For 
example,  the  red  ray  at  the  extremity  of  the  spectrum,  and 
which  is  called  the  extreme  red^  is  less  refrangible  than  a 
red  ray  in  the  middle  of  the  red  part  of  the  spectrum^  and 
which  is  called  the  mean  red^  and  much  less  than  a  ray  at 
the  orange  end  of  the  red.  The  same  is  the  case  with  all 
the  rays  throughout  the  whole  length  of  the  spectrum,  from 
the  extreme  red  to  the  extreme  violet.  It  is  this  gradually 
increasing  refrangibility  which  leads  us  to  the  opinion  that 
there  are  in  white  light  an  infinity  of  different  colours. 
In  fact,  if  we  observe  with  care  the  extreme  red  and  the 
mean  red,  we  perceive  that  they  do  not  give  the  same 
tint^  and  as  we  pass  through  the  whole  length  of  the  spec- 
trum there  is  a  continual  degradation,  or  rather  change  of 
tint  in  the  successive  stripes.     Thus^  while  for  the  sake  of 
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fixing  the  ideas  we  name  only  seven  colours^  which  are 
more  apparent  and  distinct  to  the  eye,  it  must  be  remem- 
bered that  there  exist  an  infinity  of  shades  in  each  colout 
of  the  spectrum. 

221.  Composition  of  the  Spectrum.-^ 
We  may  now  make  a  more  complete 
analysis    of  white   ligbt,   and    of    the 
spectrum  which  it  produces.     Suppose 
for  an  instant  that  there  was  in  white 
light  but  the  extreme  red  and  the  ex- 
treme violet;   it   is  evident  then  that 
instead  of  a  spectrum  we  should  have 
only    two   images  of  the  sun,   rounds 
coloured,  and  separated;  a  red  one  at 
R  and  a  violet  at  v.     But  the  red  which 
borders  on  the  extreme  red,  and  which  is  a  little  more 
refrangible,  would  also  give  a  round  image,  which  would 
be  partly  superposed  on  the  preceding  on  the  side  towards 
the  violet.     The  next  red  would   give  a  similar  image; 
and  so  on,  up  to  the  extreme  violet,  which  would  overlay 
each  other  as  represented  at  a  b.     Thus  in  ordinary  experi- 
ments the  spectrum  is  composed  of  an  infinite  number  of 
circular  images,  encroaching  one  on  the  other ;   and  accu- 
rately speaking,  any  portion  a  b  being  composed  of  several 
circles,  would  consist  of  several  lights,  differing  in  colour 
and  refrangibility ;  but  the  circles  being  of  small  diameter 
the  colours  would  be  nearly  identical,  and  the  refrangi- 
bilities  nearly  equal :   this  portion  then  may  possibly  be 
considered  as  composed  of  one  and  the  same  light. 

222.  Each  colour  of  the  spectrum  a  simple  colour. — 
A  colour  is  said  to  be  simple  when  it  is  always  essentially 
the  same,  and  cannot  be  made  to  exhibit  different  colours ; 
we  shall  see  that  the  colours  of  the  spectrum  may  be  de- 
stroyed, but  cannot  in  any  manner  be  modified,  the  red 
will  always  appear  red  to  our  eyes,  and  the  green  always 
green.  The  case  is  very  different  with  the  natural  colours 
of  bodies,  for  all  these  will,  as  may  readily  be  shewn,  give 
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elementary  tints  entirely  different  from  the  primitive  tints. 
In  Vermillion^  for  example,  we  shall  detect  yellow^  and 
green  in  indigo ;  and  the  most  vivid  colours  of  nature  can 
all  be  decomposed  in  a  similar  manner.  The  simplicity 
and  constancy  of  the  colours  of  the  spectrum  may  be  shewn 
by  many  experiments^  among  which  the  following  may  be 
mentioned. 

V.  Let  any  portion  of  the  spectrum  be  detached  from 
the  rest,  as,  for  example,  let  the  violet  end  pass  through  a 
small  hole  in  the  screen;  this  violet  pencil  may  be  re- 
fracted any  number  of  times,  and  made  to  pass  through 
any  transparent  substance^  but  the  image  which  it  forms 
will  still  be  violet. 

2'*.  If  the  violet  pencil^  isolated  as  before,  fall  on  anybody 
of  a  different  colour,  red,  yellow,  green,  &c.,  the  body  will 
appear  violet,  without  shewing  any  trace  whatever  of  that 
colour  which  seems  natural  and  inherent  in  it.  This  ex- 
periment may  be  made  on  plants,  flowers,  fruit,  &c. ;  they 
will  all  appear  violet,  as  if  this  was  their  natural  colour. 
Similarly,  with  a  red  ray  all  bodies  will  appear  red,  and 
the  same  is  true  for  all  the  rest. 

3°.  A  violet  pencil  which  is  incident  on  a  semi-trans- 
parent medium,  is  either  totally  absorbed  or  destroyed;  if 
it  passes  through,  it  is  violet  on  its  emergence,  just  as  at  its 
entrance.  This  experiment  is  most  striking  with  glass 
coloured  red,  some  red  glasses  adnutting  the  violet  to  pass 
freely,  others  absorbing  it  entirely,  although  if  the  solar 
light  be  viewed  by  them  they  all  appear  equally  coloured 
and  equally  transparent.  That  which  absorbs  the  violet 
generally  absorbs  all  the  other  rays  of  the  spectrum  except 
the  red ;  thus  it  is  a  substance  transparent  for  the  red,  but 
more  or  less  opaque  for  every  other  colour. 

223.  Recomposition  of  Light* — When  the  colours  have 
been  separated  by  a  prism  they  may  be  brought  back  into 
the  same  direction  by  a  second  prism  of  the  same  substance 
and  of  the  same  refracting  angle  as  the  first,  but  placed  in 
an  inverted  position ;  that  is,  the  summit  of  the  first  prism 
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being  upwards  in  one  case  is  downwards  in  the  other, 
their  bases  being  always  parallel.  Then  the  pencil  which 
is  coloured  between  the  two  prisms  becomes  white  on 
leaving  the  second,  and  gives  on  the  screen  a  round  image 
of  the  8un«  If  the  second  prism  has  a  large  face  it  may  be 
placed  at  some  distance  from  the  first>  so  as  to  receive  a 
complete  spectrum.  This  experiment  shews  most  dis- 
tinctly that  there  does  not  exist  in  a  prism  any  peculiar 
property  of  decomposing  or  recoinposing  white  lights  but 
that  the  separation  of  its  colours^  or  their  reunion^  is  owing 
to  the  unequal  refrangibility  of  the  different  rays.  But  it 
is  not  necessary  for  the  reproduction  of  white  light  that  all 
the  colours  should  be  brought  back  into  the  same  position, 
but  only  that  they  should  meet  in  a  point,  as  the  following 
experiments  will  shew. 

.  P.  Let  the  spectrum  be  received  on  a  mirror  m  m,  so  as 
to  be  reflected  in  the  direction  r  a',  and  form  an  inverted 
spectrum  r'  v'  ;  all  the  colours  of  the  spectrum  will  meet 
in  the  focus  f,  and  at  this  point  the  image  of  the  sun 
received  on  a  small  screen,  or  on  a  piece  of  ground  glass^ 


will  be  a  dazzling  white,  just  as  if  the  incident  penjcil  had 
been  a  pencil  of  direct  light.  The  meeting  then  of  all 
these  colours  in  the  same  point  is  sufficient  to  produce 
white  light.  But  if  instead  of  receiving  the  reflected 
pencil  at  the  focus  of  the  mirror,  where  the  concourse  is 

2f 
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complete,  <we '  Kecehe'  it'  a  little  newer lOr  tt'little  fentlur 
from  tl>*  tninrop,  Ihe  ivcompo^Mi'' is  imperfect;  ud 
bejond  tbe  foaiMtkr  volfluri  appear  in  aa  inverted  order. 
Il%  Lot'  the  ipeetrum'be  received  on  «  lens  instead  of  ■ 
inirtnt<;tfaenat  the£oci»,towbialr«llcbfrniy«aTe  madets 
ooniwge,  ws  obtain  white  light,  ni  in  tha  ibcus  of  tbe 
preceding  ninvr.  The  round  image  "whiob  it  fomw  ii 
coloured  at  the  edges,  becante  the  rstyi  at  'difi&rent  refm^ 
bilitled  cannot  come  to  a  foous  exactly  at  the^Bntb  distanoe 
behind  the' lens.  Beyond  the  focus  of  the  lenaChe^Kti- 
trum  t«appeare,  bat  in  an  inrerted  posilionV  whidLisia 
cleav  pro«f>  that  the  rays  may  croasAt  any  pointuwitfaant 
undergoing  any  modification,  and  that  each  nf  them  sctam 
if4tiwer»'a  single  ray.  Also,  if  ih  either  of  ^tfas-jAreoeditig 
experiments  an  tnelined  mirror  mui'  be  placed  at'tbefMOS 
r.'tbe  rays  will  be  reflected  and  farm  «  spectramviu  vqHSf 
Mnted  by  the  dotted  lines,  on  a  screen  he]d'abovts<i*j  >  '• 
"3°, ' 'XiftMly,  tbtme  ia  a  meebanioal 
means  of  recotnposing  white  light, 
the  cffeot  <rf  whi<^  -is  somewhat 
Burpriting.  Let  the  figure  repre- 
sent »' circle  of  card  boapd,  of 
about  -A'  fmt  in  diameter,  having  a 
oirste:'«f'  small  diameter  at  its 
flentre^'iand  a  zone  at  its  drcum-  ' 
fsKnae"  ^nied  ^black.  In  the  i 
apaee  between  -  thcae  zones  let  atripte  uf  cdoured'  -ptf^, 
a^i^v,  OfB,  t,r,!b^'plMtd  next  eaohotber,  the  oobrnt-ti 
wihit^ imitate'  as^'neat.aa  may  be  tj)e «^ou«s  of  thei^do- 
tninii''  luei: 'the 'Whole  eireular-apBce  be  filled '  Up  rwilh 
pQlchds«f>ttieBe'ootoan,  taking  care  that  the  cdonra  are  io 
their  proper ''erder;  and  that  eat^  portion  bss  nil  the 
colfters.  ■  a?he  •  eipOTiment  will  be  more  complete  if'  the 
brMdth  of  the.  bands  hare  neariy  the  same  proportion  as 
the  coloun  in  tbe'  spectrnm'  (Arti  fi37).  The  card  being 
filled  up,  and  whirled  round  about  its  centre,  all  the 
coloured  bands  will  disappear,  and  tbe  space  between  the 
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blade  zones  will> appear  mooe  or  less*  white,  according  as  the 
state  of  the  colouni  and  theiv  iprn^rtkrtv  hav»  ,beeu  .properly 
imitated.  TheeKplanatkmiof^thianD^tiiaff.pheQomenoiv  is 
very  simple ;  if  there  lfefe>  hut .  oqa>  rcd,.^rip,i  on. a  black 
ground,  the  ejfi  wouM  pesceivoidiiriogt  ^  votatioii  only  a 
red  drcle>  jnst  as  .when  a  lifted  stidt  iS' turned,  fiqptdly 
round ;  8imildily«,if  there  were  hut  a' jnolet  stri^  the  whole 
htrndi  would  appear  violet^  and  the  same  i^^any  other 
colour.  Bttt-if  all  th^  bonds  exist  we  ,see>  byr  th^.•  rptation, 
at  ihe  same  'time  and  in  th&  sams^  ^ce,  aor/ed.icirqle,  an 
orange*  drcl^  a  yellow  i  eirde,;  &ca»,  and  consisguently  a 
white  ciccle^  .since  the  sensation  of  white  ia  hut 4he simul- 
taneous, sensation  of  aU  these  colours*  M  >.  I 
.:  224»:-  Complisimeniarj^  ^Colours* — SincC'  all  the  simple 
coloarsy  taken  in; 'jthdr  natural  proportion,  thatis^.  in  the 
proportion:  whidi  they .  occupy  in  the  spectmm,  produce 
white  light,  it.  ia  erident  that,  by  suppressing  one-  of  the 
colours,  or  changing  the  proportion  of  these  colours,  we 
shall  alter  the  whiteness  of  the  light.  Thus,  by  sup- 
pressing the  red  of  the  spectrum,  and  compounding  all  the 
other  colours,  we  obtain  a  blue  tint ;  this  blue  tint  com* 
pounded  with  red  will  produce  white  light*  Whenev^ 
two  colours,  simple  or  compounded,  fulfil  this  condition^  or 
produce  white  light,  they  are  said  to  be  complementary  to 
each  other.  There  is  no  colour,  whatever  may  be  the  tint, 
which  has  not  its  complementary  colour ;  for  if  it  be  not 
white  it  wants  only  the  elements  of  white  light,  and  these 
elements  mixed  together  form  its  complementary  colour. 
There  are  an  infinite  diversity  of  shades  of  the  same  colour, 
all  of  which  have  the  same  complementary  colour,  and  an 
infinite  variety  of  shades  of  complementary  colour  for  the 
same  colour.  The  complementary  colour  of  most  greens 
is  a  reddish  violet,  and  of  the  yellows  a  violet  indigo. 
These  phenomena  are  obs^ved  by  receiving  an  elongated 
spectrum  on  seven  different  mirrors,  which  may  be  placed 
so  as  to  bring  any  colour  to  the  same  point. 


."  :  /  f'    V 11 


225.  l>^c<wirfpa^ffWi*?  flfcel'*^ 

a  sepff^atJoti  of  the '  txAbiiri  take*  'J  * 
placfe:     Thik  18  twt,  tew^Ver,  ' 
iQ'wayd  apj[>Bt^nt,  Mid'  itr  senate''  ' 
eases,  to  when  »  pbficil  ptMseft 
thrbugh  a  piece  of  gloss  ivfiose 
surfaces  are  pamlliBl^  the  colours' 
are  so  reunited  that  the  emer- 
gent piencil  consists  of  white  light.    Thiis;  let  L  r,  k*  ti'U 
the  extreme  rays  of  a  pencil  of  white  Kght,  incident  m 
the  upper  surface  of  a  piece  of  gftts*;  tJien  die  ray  x.  r  ^ 
decomposed  by  refraction  into  its  separate  cblours,  whereof 
I  R  is  the  extreme  red,  and  i  t  the  exti^nfie  violet,  M 
these  being  incident  at  different  angles  on  the  second  sur- 
face, will  pass  out,  and  ought  to  give  a  coloured  pencil  at£; 
This,  however,  is  not  the  case,  for  we  know  that,  prcfvfddd 
the   surfaces    be    parallel,    the   light    is    iiivariidbly  free 
from  colour,  whatever  be  the  substance  through  which  it 
passes.     The  explanation  however  will  be  seen  at  once. 
Any  ray,  as  V  i,  close  to  l  i,  will  give  its  coloured  pendf 
R'  E',  v'  k\  parallel  and  in  every  respect  similar  to  r  ji,  y  s. 
Hence  we  see  that,  in  the  infinity  of  rays  which  are  inci- 
dent on  a  surface,  there  will  be  one  whose  orange  will 
exactly  coincide  with  the  red  rb,  another  whose  yellow 
will  exactly  coincide  with  it,  and  so  on  for  all  the  colours. 
Thus  all  the  emergent  rays  are  white,  the  colours  having 
been   recomposed  on  emergence   at   the   second   surface. 
The  extreme  rays  will  not  be  ccnnpletely  recompounded, 
but  the  colours  will  not  be  visible. 

226.  The  Rainbow, — The  preceding  laws  of  reflexion, 
refraction,  and  decomposition  of  the  solar  rays,  are  illus- 
trated by  the  beautiful  phenomenon  of  the  rainbow.  This, 
as  every  one  must  have  remarked,  is  only  seen  when  rain, 
which  is  falling  in  drops  in  front  of  the  spectator,  is  strongly 


SECT.  V. 


CON9TlXUTJ[QN   OF.]^lGBT, 


329 


illuminated  by.  tfe^.  .^iv.  d^eoi^y ,  ^biacj. .  hjs  b^cjk.  The 
coloured  arck  mayrfil^d^ibe^c^f^i^ered  as.  tlie  porti9n  of  the 
base  of  a  cone  whose  sumqofiif.js  U^.^yq  of  the  spectator^ 
and  whose  axis,  if  produced,!  wo;^l4'  pass  i  directly,  thorough 
the  centre  of  the  sun.  It  i$  9«^;  to  asspxe. ourselves  of  the 
fulfilment  of  these  conditioA^  whenevjer  a.bow.i^  formed 
by  rain  from  the  clouds,  or  by  the  ^p^fay  of  ar  fountaJin  or 
waterfall.  From-  these  general -facts  we^  9^auiot  jpossibly 
doubt  but  that  it  is  produced,  by  sox^e  particular  mod.iQca- 
tion  which  the  solar  rays  experience,  from,  .thf\  4^(^s  of 
rain;  and  we  shall  see  that  the  rays  come ^to  the ,^^<^ ^fer 
having  been  refracted  at  the  surfaQe  of  the  drop,, jqe^gc^ed 
at  its  interior^  and  again  refracted  on  emerg^c^Aq^ej^^ 
drops  b^ng  supposed  perfect  spheres. .  ,., 

Let. a;  solar  ray  be  incident 
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in  ^  darkened  room  on  a 
globe  of  water ;  then .  any 
ray  s  A  will  be  refracted  into 
the  direction  A.  b  ;  the  angle 
of  incidenpe  o  B  a  may  be 
such  that  the  ray  cannot 
emerge,  but  >yill  suffer  total 
reflexion.  (Art.  209) ;  that 
is,  it  will  be  reflected  in  the 
direction .  b  c ;   at  the  point 

c,  however,  =we  will  suppose  that  it  can  emerge ;  and  .tliat 
it  will  be  refracted  in  the  direction  c  k.  It  is  evident  tl^ 
such  may  be  the  course  of  a  pencil  of  solar  light  lacidenjt, 
on  a^y  sphere,  and  therefore  on  a  spherical  drop  of  rmii. 
But  the  light  on  suffering  refrj^ction  at  tlie  fest  surfao^. 
will  be  decomposed  into  the  seven  colours  of  the  ^ectrjiuii, 
and  these  will  be  incident  at  b  at  different  aiigtes,  since 
their  refrangibilities  are  different.  The  red' rays  will  be 
incident  above  b  and  the  violet  rays  below  9,  supposing 
the  centre  of  the  spectrum  to  be  at  B.  Each  of  these 
colours  will  be  reflected  according  to  the  regular  laws,  and 
consequently,  supposing  the  centre  of  the  spectrum  to  be 
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reflected  Id  c/the  Mdjnyir  wili  itebeiMea  >^  aadjiy  id 
the  violet  ttLys  leyanA^ii  ilh^M 'fading  xtfiBcledLi at. nvfll 
preserm  their  rebdie  >  order^i  aod  liie  jrcd» Jipgrs  witt  ■  ema^ 
kk  did  dfareetkm  c  r>^alMi  the  viotet'in  ther  ^vectkn't «. 
Thuf,  if  we  hold  a-  glass  globe  Ml  oS  ytratec  above  .oor 
heads  with  the  sun:  behmdus^  we  shall -seer  H  tpeetnnmm 
which  the  red  is  lowest  and  the  vidbt  uppemuiot. 

Now  the  iBju  eoiergent  at  c  will  geneiailj  be  dive^ge^ 
rays,  and  consequently  there  will  ha  no  diatiiict  apectimm 
at  any  distance  from  the  sj^ere;  in  osder  that  distmEt 
perception  of  the  colours  nuty  exist  at  aaj'  di8tanficv:liie 
emergent  pencil  must  be  parallel. 

This  question  being  investigated  mathemadcally^  it^ 
pears  that  for  each  separate  colour  there  ia  a  partici^ 
angle  of  incidence,  for  which  die  pencil,  afber  having*  hsen 
remu3ted>  reflected,  and  again  refracted,  can  taiofi^ 
paraUel;  from  such  a  pencil  the  eye  can  penoeive  coiotm 
at  any  distance.  We  will  suppose  thea  diat  apeaual  of 
red  light  is  incident  on  a  drop  of  rain,  and  that  ia  jE^eotalor 
is  so  suitably  situated  that  the  light  can  be  bcciught  -in  a 
paralld  pencil  to  his  eye. 

Let  the  pencil  of  red  light  be  brou^t  to  the  .iejre  at.B. 
Let  BH  be  drawn  parallel  to  the  incident  pencil;  tien, 
when  the  rays  emergent  at  c  are  parallel,  themigleiOVH 
will  be  42^  V  42\     This  is  the  exact  value  which  eaieuia. 
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tion  gires  fTom.(^e)dLnt^li^iK&^o^biiitjfii0f  t^A  light; by 
water.  If  tbenia:sptfdtetosKh^  iiklbaii^bio^^^^^/  ^^t 
i$y  a  sun  of  simpld mdilSgbtv  l^soirouM  i Aei9*a  lied)  fpecy^iim. 

Now  gupposd '  that;  tiw^7  inciHdnt epenoili  ^iii j  $m»b  ofi/ jpore 
violet  li^t  iThe  I^wi  c^hiii^rac^n^fMoiirii^  ligktby 
water  is  >  differoit;  '«hd  tfh^tirsiehiia!  pencil dmayf  /jevOerge 
parallel^  ealculatioa  safs  diat'^tbo  anglls^clja^ii  jnust  be 
40*"  17'.  A  spiectator^with  hishadttoiannto/fi^  imi^wi6uld, 
under  these  drcmmstadces,  see  a  viplct  fipeetrum.,.:vFor  aU 
the  intermediate  colours^we.  shouldrkuve  values  of  the 
angle  c  js  h  intermediate  to  these. 

But  instead  of  a  red  or  vkilet  sun  we  have  a  sun  whose 
light  is  white  and  contains  them  both ;  let.  us  see  then  how 
the  preceding  principles  may  be  applied  to  the  actual  phe- 
nomenon. Suppose  that  tbe  eye  of  a  spectator  is  at  b,  and 
that  the  sun  is  behind  him.  Now  when  rain  is  falling 
there  are  drops  in  every  position  with  reference  to  his  eye ; 
consequently^  whatever  be  the  position  of  the  sun  in  the 
keavens,  there  must  be  some  drop  which  has  the  requisite 
position  that  the  red  rays  of  a  solar  pendl^  when  sepa- 
rated, may  emerge  parallel;  there  must  be  some  other 
drop  below  this  ft^m  which  the  violet  rays  of  its  separated 
light  .may  emerge  parallel ;  and  there  must  be  drops 
between  these  suitably  situated  for  all  the  intermediate 
colours.  Thus  will  a  series  of  spectra  be  produced^  which 
will  encroach  more  or  less  on  each  other.  But  not  only 
will  there  be  one  drop  so  situated  for  each  colour^  there 
will  be  an  infinity;  all  the  drops  situated  on  the  conical 
surface,  of  which  e  c  is  one  line,  will  give  the  same  colour ; 
thus  will  the  spectra  have  sufficient  intensity  to  be  visible 
at  a  great  distance,  and  appear  to  the  eye  as  if  depicted  on 
the  vault  of  heaven. 

We  see  then  in  the  preceding  explanation  the  cause 
for  the  arched  form  of  the  rainbow.  The  condition  that 
a  colour  may  be  produced  so  as  to  be  visible  to  the  eye  at 
a  distance,  is  simply  that,  for  each  colour,  the  series  of 
drops   which   produce   it  must   have  the   same  angular 
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position  with,  roapect  to  tbesua  an4  the,>eye.  ^ow.all 
drops  on  the '  sur&oe  of  a  <eoine  whwe  yectical  angle,  is 
of  the- proper  valoe^  have  that  positioii;  heofce.  tbej^. 
and  thej  alone^  can  affect  the  eye  with  the  pabular 
colour  which  correqiionds  to  that  poBition.  Thus  ilhe  rain- 
how  is  a  series  of  spectra  overlaying  each  other,,  and  each 
colour  consists  of  an  indefinite  numher  of  rays,  .whose 
refrangibilities  differ  from  each  other>  just  as  they  do  in 
the  prismatic  spectrum.  From  the  preceding  we  see  the 
reason  of  the  inferiority  of  the  rainbows  which  are  pro- 
duced by  artificial  means>  or  under  confined  circumstiEuifes; 
as,  for  instance,  when  rain  falls  between  a  spectator  aiiid' a 
wall,  or  the  side  of  a  near  mountain.  The  number  of 
drops  is  limited,  and  consequently  the  intensity  of  the 
spectra  is  proportionally  less  than  when  the  bow  is  sieen 
projected  on  the  vault  of  heaven. 

When  the  sun  is  strong  and  the  circumstances  are  favour- 
able, a  second  or  even  a  third  bow  may  sometimes*  be  ae^h. 
The  principles  here  enunciated  serve  fully  to  explain  the 
phenomenon,  but  we  cannot  dwell  upon  it  oa  the  present 
occasion.  We  can  only  remark,  that  it  is  formed-  hf^4 
pencil  which,  being  incident  on  the  und^  sid«r  of  thef  dsop^ 
emerges  parallel  after  tiDO  interna)  reflexions  :  then  ooloui;)' 
also  are  in  an  inverted  order,  that  is,  in  the  seoonda^y.-boiv^ 
the  red  is  the  lowest  in  the  heaven,  and  the  violet  higher 
whereas  in  the  primary  or  ordinary  bow  the  red-  was 
highest  and  the  violet  lowest.  The  tertiary  bow  It  ibnmyi'' 
by  three  internal  reflexions,  but  is  rarely  visible.  A  luniar 
rainbow  may  sometimes  also  be  seen,  but  the  colours  ana 
always  exceedingly  faint,  and  will  be  visible  only  uiidct 
extremely  favourable  dreumstances.  ■■.■.'■ 

227.  Lines  in  the  5jt?tfc/rtiwi.— When  the  spectrum  is 
obtained  in  great  purity^  there  are  certain  interruptions 

♦  The  sources  of  impurity  are  the  breadth  of  the  sua  and  of  the 
prism ;  the  breadth  of  the  sun  is  counteracted  by  reducing  the  ligrht  to 
a  fine  line,  and  taking  a  point  of  it  and  the  breadth  of  the  prism  by 
bringing  the  separated  rays  to  their  proper  foci  by  a  double  convex 
lens. 
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or  stiddlsn  chmg^  ^f^inttttiskjl, 'JtsJikprlr  Iftiier^  iwhich 
were  db8ery^^kbe^''tfae>i«Kiin«  tkxmy'byi'WaSkataaa  und 
Fr^nhdffer,  and  Whkb,  ^ti*ii:faeiextiiiiDe  aeqoaicpwntli 
whieh  the  latter  jiliilosol^Iier  ^to^kAl  thorn  imwu,  afeeaUed 
Fi^uhhoftbt^s  lines.  Th0s^^al]ltupt'Clui|ige8.']ii.'n]ite(»M6i 
as  in  tb^  solar  ligbti  ate  ititeiftsely  Wack  [Imesv  «  xoUec- 
tidhar  of  lilies,  in  6tber»  they  dtiS'Mgkt'and  odonred.  v 
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The  upper  of  the  accompanymg  figures  r^r^ients  ^hese 
lines  aS'they  are  seen  in  a  pure  spectrum  c^  solar,  ii^ht^ 
the  lower  figure  represents  the  spaces  occupied' l^if  thif 
Afferent  colours.  The  whole  spectruns  being  supposed 
dirided  ikito  360  equal  parts,  the  upper  Une  of  ilumbeiis.  at 
the  end  of  which  N.  is  placed  is  the  number  o£i  these  parU 
which  Newtoa  determined  the  colours  of  the  speotnun  of 
hitt^  prism  to  occupy,  and  the  lower  those  occupied  by  the 
spectrum  from  a  prism  of  fiint  glasB>  as  determined  by 
Fraunhofier. 

If  we  conceive  one  figure  laid  upon  the  other,  we  shall 
see  the  position  of  the  lines  with  reference  to  the  colours 
of  the  spectrum*  There  is  great  irregularity  both  in 
their  appearance  and  in  their  position.  Some  of  them 
are  very  thin,  being  separate-  bkck  lines^  and  scarcely 
visible;  others  are  very  dose  together^  and  resemble  a 
dark  shadow  more  than  an  assemblage  of  distinct  and 
separate  lines ;  lastly,  others  appear  extremely  well  defined, 
and  of  a  sensible  thickness. 

To  establish  some  fixed  points  in  the  midst  of  this  con- 
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fused  mass,  Fraunhoffer  has  ehoMii  seven  lines^  marked  b, 
c,  D,B,  F,  G,  B,  as  presenting  the  double  advantage  of  being 
easily  recognised,  and  of  dividing  the  spectrum  into  con- 
Tenient  portions.  In  the  space  from  b  to  o  he  counted  9 
fine  h'nes,  and  well  defined ;  (Vom  c  to  d  he  counted  30 ; 
from  D  to  £  about  84  of  different  thicknesses  ;  from  B  td  F 
about  76,  among  which  there  are  three  the  strongest  in  the 
spectrum,  and  the  best  defined;  from  f  to  o  185^  and  from 
o  to  H«  190;  making  in  all  574  from  b  to  b.  BejFOnd 
these  limits  are  many  others  of  different  degi^ees  of  daik- 
ness,  so  that  there  are  more  than  600  lines  in  the  whole 
length  of  the  spectrum. 

Fraunhoffer  has  also  determined,  that  these  lines  are  en- 
tirely independent  of  the  refracting  angle  of  the  prism,  and 
also  of  the  nature  of  the  refracting  substance;  that  is  tossy, 
they  remain  the  same  in  all  cases,  both  as  to  number^  fonn, 
and  disposition.  On  examining  other  lights^  both  natund 
and  artificial,  in  the  same  manner^  it  is  found  that  there  is 
an  essential  difference  in  their  nature,  so-  far  as  these  liaes 
are  concerned.  The  light  of  Venus  and  of  the  Moon  gites 
the  same  lines  as  the  direct  solar  light ;  they  are^  however, 
more  faint,  and  exceedingly  difficult  to  distinguish  towards 
the  end  of  the  spectrum.  The  light  of  Sirius  gives  blade 
lines;  they  are,  however,  altogether  different  from  those  of 
the  Sun  and  Planets ;  the  other  stars  of  first  magnitude 
appear  to  give  very  different  rays  from  those  of  Sirius  and 
a£  the  Sun. 

The  electric  spark  gives  very  bright  lines  instead  of 
blacki  Lamp-light  gives  also  very  bright  lines ;  the  flames 
of  alcohol  and  hydrogen  give  nearly  the  same  as  those 
of  oil. 

From  the  preceding  facts,  that  the  lines  are  invariably 
the  same  for  light  from  the  same  body,  and  different  for 
different  luminaries,  we  may  conclude  that  they  are  essen- 
tially a  property  of  the  light.  Several  attempts  have  been 
made  to  produce  particular  lines,  by  passing  light  through 
different  media;    and  it  appears  that  lamp-light,    after 
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passing  through  a  mixtureof  gases^  exhdbtts  Iraes  some* 
what  similar  to  those  i>£  aplar  light*  The  disoovery  of 
these  lines,  or  their  production  in  anj  lights  is  a  matter 
of  the  greatest  importance,  since  it  fiurtiishea- fixed.  Hales  for 
measurement  and  comparisoo^  as  we  shall  see  in  the  follow- 
ing article.  ' 

228.  lie/rangibilii^  of  differ eM  ra^s,- — The  amount  of 
refrangibility,  or  the  index  of  refraction  of  anjr  ray,  is  a 
question  of  very  great  importance  in  the  theory  of.  optics, 
and  in  the  construction,  of  instruments.  The  invariability 
of.  these  lines  in  the  spectrum  affords  a  far  more  exact 
measurement  than  the  uncertain  shades  of  the  various 
colours  which  we  were  previously  compelled  to  adopts  So 
that  now,  instead  of  determining  the  index  of  refraction 
for  the  red>  orange,  Sec,  we  determine  the  index  of  refrac* 
tion  for  the  lines  b,  c,  d.  This  has  been  done  with  the 
greatest  care  by  Fraunhofier,  and  other  philosopheos^  and 
the  different  degrees  of  refraction  which  these  lines^  and, 
consequently,  their  intermediate  colours,  undergo^  for  differ- 
ent substances,  as  water,  crown  glass^  flint  glass,  have  been 
accurately  determined. 

2t2>9.  IrratiomdUy  of  Dispersion^ — ^Wheii>  the  spectra 
formed  by  prisms  of  different  substances  are  carefully  ob- 
served^  it  is  seen  that  the  colours,  though  always-  ranged 
in  the  same  order,  do  not  occupy  proportionate  sfmees. 
Thusr  a  prism  of  flint  glass,  for  «tample^  gives  propor- 
tionally less  red^  and  more  violet^  than  a  prism  of  crown 
glass ;  and  there  are  other  substances  which  present  this 
difference  in  a  very  striking  manner.  The  gen^il  fact  is, 
that  in  spectra  of  equal  lengths^  the  same  odour  is  at  one 
time  more  or  less  contracted,  at  another  more  or  less 
lengthened,  as  we  saw  in  the  different  prpportioDS  assigned 
by  Newton  and  Fraunhoffer  (Art.  227)/forth€i  difl^ent 
colours  in  the  spectrum.  This^  which  is  called  the  irratio- 
nality of  dispersion  of  the  spectrum,  is  evidently  connected 
with  the  indices  of  refraction  corresponding  to  each  colour. 
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It  is  this  irrationalitj  whidi  preieiits  nich  insuperable  diffi- 
culties to  the  constructioii  of  perfect  imCrumeiits. 

230.  ^cAromoltiiii.-'Refractioii  at  a  single  medium  ii 
always  accompanied  by  disperaoa  and  separation  rfthe 
eolours ;  hence  the  formation  of  colourless  or  white  imsgei 
by  prisms  or  lenses  is  extremely  difficult.  An  image  in 
which  the  colours  are  separated  cannot  be  of  any  use,  since 
the  object  presents  a  roost  distorted  appearance.  We  have 
already  seen  how  the  colours  may  be  re-united,  so  as  to  form 
a  white  image,  by  bringing  the  rayv  back  again  ;  bat  there 
the  whole  deviation  is  destroyed^  and  the  image  is  eonse- 
quently  useless.  But  different  substances  possess  equal 
dispersions  with  very  different  refractive  powers^  that  is, 
with  two  different  lenses  or  prisms,  one  of  crown  glass  and 
the  other  of  flint  glass,  for  example,  two  spectra  of  equal 
length  can  be  produced,  in  which  the  mean  rajs  undargo 
very  different  amounts  of  refraction.  These  being  in- 
fracted in  opposite  directions,  the  dispersion  may  be  coun- 
teracted, but  a  considerable  quantity  of  refraction  still  n^ 
mains.  Thus,  an  image  nearly  colourless  can  be  formed ; 
it  is  not  absolutely  free  from  colour,  owing  to  the  irratio- 
nality of  the  spectrum ;  but  its  centre  part  will  be  suffi- 
ciently so  for  the  purposes  of  observation. 

The  achromatic  object  glass  is  composed  of  a  convex  lens 
of  crown  glass,  and  a  concave  lens  of  flint  glass.  The  effect 
of  a  lens  is  the  same  as  of  a  prism  touching  the  surface  at 
the  points  of  incidence  and  emergence.  Thus  the  colours 
are  re-united,  but  the  pencil  is  still  refracted. 

231.  Peculiar  properties  of  the  Spectrum. — The  i/Acmi- 
nating  power  of  the  spectrum  is  found  to  be  different  at 
different  points,  and  the  point  of  maximum.  Illumination 
is  determined  by  Fraunhoffer  at  a  point  m,  about  one«*third 
of  the  distance  between  d  and  £  from  d,  very  near  the 
boundary  of  the  orange  and  yellow ;  the  mean  ray  is  also 
determined  to  be  near  the  middle  of  the  blue  space. 

The  heating  power  of  the  spectrum  is  found  to  increase. 
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from  the  violet  to  the  red  end;  and  a  thermometer  con- 
tinues to  rise  when  placed  heyOnd  the  r^  extremity  of  the 
spectrum^  where  no  ray  of  Kght  is  peiicfeitied ;  hence  we 
may  infer,  that  there  are  invisible  rays  in  the  light  of  the 
^un  of  less  refrangibili^  than  the  red  rays^  but  which  have 
the  power  of  producing  heat. 

The  rays  of  the  spectrum  produce  also  very  different 
chdnical  effects ;  thus  muriate  of  silver  becomes  very  soon 
blackened  beyond  the  violet  end  of  the  spectrum.  It  be- 
comes less  blackened  in  the  violet,  still  less  in  the  blue ;  the 
blackening  growing  less  and  less  towards  the  red  ex- 
tremity. 

The  magnetizing  power  of  the  solar  rays  which  was 
announced  some  years  ago  by  Dr.  Morichini,  has  been  re- 
cently estaUished  by  the  in^nuity  of  Mrs.  Sebaerville.  A 
sewiftg  needle  having x)ne  end  exposed  tbthe'  violet  rays 
aoqiilp^  magnetism  in  about  two  hours^'the  exposed  end 
exbil^ting  north-polarity.  The  indigo  rays  p^dduced  nearly 
the  -same  effect >  as  also  the  blue  and  green^  though  in  a 
much  less  degree,  but  the  red,  orange,  yellow,  or  heating 
rays  1)feyOhd  the  red,  produced  no  efi^t. 

Mr.  Christie  has  also  discovered  that  whi^n  a*  magnetized 
needle,  or  a  needle  of  copper  or  glass,  vibrates  by  the  fbrce 
of  torsion  in  the  whit6  light  of  the  sun,  the  arc  of  vibration 
is  more  rapidly  diminished  in  the  sun's  light  than  in  the 
shade.  The  effect  is  greatest  on  the  magnetized  needle. 
Hence  he  concludes  that  the  compound  solar  rays  possess 
a  sensible  magnetic  influence. 
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LAWS   or  TISION — THI    XTK FOKMATIOIT  OF   THX   IKAGK ^ADAPTATIOK 

TO    DISTAyCIS SIKOLI    TISIOK DBFKCTS   OF    VISION SPICTACUtS — 

MICKOSCOFBS. 


232.  Having  in  the  preceding  sections  stated  the  geoeni 
laws  of  lights  we  shall  now  endeavour  to  explain  their 
application  for  the  purposes  of  vision  generally.  We  shall 
commence  this  subject  bj  considering  how  the  most  exquisite 
piece  of  mechanian  with  which  we  are  acquainted,  the 
eye>  is,  in  conformity  with  these  laws,  concerned  in  con- 
tributing to  our  knowledge  of  the  external  world.  Here 
we  shall  meet  with  much  which  is  at  present  but  partially 
explicalAe ;  as  our  knowledge  of  the  laws  of  light  and  oi 
the  constitution  of  the  eye  jnrogresses,  we  may  hope  that 
these  difficulties  will  vanish^  and  that  we  shall  be  able  to 
trace^  successively^  the  modifications  which  the  light  experi- 
ences from  its  first  entering  the  eye  up  to  the  fonnation  of 
the  image^  after  which  sensation  commences,  and  all  physi- 
cal phenomena  are  consequently  at  an  end.  The  simplest 
conception  which  we  can  form  of  the  eye  is  derived  from 
considering  it  as  a  dark  chamber  into  which  a  small  pencil 
of  light  is  admitted,  and  forms  an  image.  But  it  will  be 
necessary  to  explain  in  some  detail  the  different  parts  by 
which  the  formation  of  this  image  is  effected. 

233.  Description  of  the  Eye. — The  human  eye  is  very 
nearly  a  sphere,  with  a  slight  projection  in  front.  The 
accompanying  figure  represents  a  section  of  it,  made  so  as 
to  pass  through  all  the  different  parts  which  compose  it. 
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The  external  layer  a  a  is  a  strong  tough  membrane^  to 
which  are  attached  all  the  muscles  which  give  motion  to 


the  eye-ball ;  it  is  termed  the  sclerotica,  or  sclerotic  coat. 
The  jnrojection  dd  in  front,  termed  the  cornea,  is  a  dear 
tough  substance^  which  fills  up,  as  it  were,  a  circular  ori- 
fice in  the  front  of  the  sclerotic  coat,  fitting  in  like  a  watch- 
glass.  The  rays  of  light  are  first  refracted  at  the  surface 
of  the  cornea.  Lying  on  the  sclerotic  coat  is  a  delicate 
membrane,  b  h,  covered  on  its  inner  surface  with  a  black 
pigment,  termed  the  choroid  coat.  Immediately  upon  this 
pigment  of  the  choroid  lies  the  retina  c  c,  a  most  delicate 
reticulated  membrane,  formed  by  the  expansion  of  the  optic 
nerve  O.  At  x,  i'  is  attadied  a  flat  circular  membrane 
termed  the  tm,  pierced  in  its  centre  with  a  small  hole  called 
the  pupi/.  The  pupil  widens  or  expands  when  a  small 
portion  of  light  enters  the  eye,  and  contracts  under  the 
influence  <^  a  strong  light.  The  colour  of  the  eye  depends 
on  the  iris,  which  is  grey,  blue,  black,  &c, ;  were  it  trans- 
parent as  the  cornea,  the  eye  would  be  black  as  the  pnpD, 
and  vision  could  not  take  place ;  it  is  perfectly  opaque, 
and  its  opaHty  is  insured  by  the  nature  of  its  structure. 
Behind  the  iris  the  crystalline  lens  c  is  suspended ;  it  is 
enclosed  in  a  membrane  termed  the  capsule,  which  is  firmly 
attached  to  the  coat  of  the  eye  by  the  ciliary  processes. 
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whose  n&ture  is  not  ftiUy  understood.  The  eye  is  thu» 
divided  into  two  chambers  or  compartments^  as  a  and  b,  of 
very  unequal  sixes;  they  are  both  filled  with  a  liquid;  the 
liquid  contained  in  the  anterior^  which  is  the  smaller  cham^ 
her,  is  called  the  aqueous  humour  ;  and  that  in  the  pos- 
terior or  second  chamber^  the  vitreaut  humour*  Such  is 
the  general  formation  oi  the  eye ;  and  we  shall  endeayour 
to  shew  how  exquisitely  even  our  present  imperfect  know- 
ledge of  its  structure  shews  it  and  the  laws  of  light  to  be 
mutually  adapted  to  each  other. 

234.  Formation  oj'an  Image, — When  a  luminous  point 
is  placed  at  the  distance  of  eight  or  ten  inches  from  the 
front  of  the  eye  on  the  axis  of  the  crystalline  lens^  a  por- 
tion of  the  pencil  falls  on  the  white  of  the  eye,  and  is  irre- 
gularly reflected  on  all  sides ;  a  more  central  part  falls  on 
the  cornea,  and  being  refracted^  penetrates  the  aqueous 
humour :  of  this  pencil  the  exterior  rays  illuminate  the 
irisy  and  the  central  rays  passing  through  the  aperture  or 
pupily  the  crystalline  lens^  the  aqueous  humour,  the  retina, 
reach  the  choroid.  The  light  which  the  iris  receives  is 
irregularly  reflected  on  all  sides,  and  shews  us  the  form  and 
colour  of  this  membrane.  The  central  pencil,  which  tra- 
verses the  pupil,  is  refracted  by  the  crystalline  as  by  a 
convergmg  or  double  convex  lens ;  for  the  crystalline  is 
more  strongly  refracting  than  the  aqueous,  or  than  the 
vitreous  humour;  and,  consequently,  under  certain  con- 
ditions, this  pencil  having  become  convergent,  can  form  an 
image  of  the  luminous  point  from  which  it  has  emanated. 
Suppose,  for  a  moment,  that  a  ray  from  L  (Art.  233)  is 
brought  to  a  point  exactly  on  the  retina,  or  on  the  choroid, 
at  /;  then  it  is  evident  that  any  other  luminous  point  at 
V  will  make  a  similar  image  at  /' ;  thus  there  will  be  at  the 
back  of  the  eye  a  little  image  /  /'  of  the  object  l  l'.  This 
image,  being  inverted,  will  present,  in  all  respects,  an  exact 
representation  of  the  external  object 

This  may  be  verified  experimentally  by  placing  the  eye 
of  any  animal  j.ust  killed  in  the  aperture  of  a  dark  cham- 
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ber^  the  posterior  surface  beino^  pared  away>  and  rendered 
thin,  80  as  to  offer  a  transparent  membrane.  An  observer 
within  the  dark  chamber  will  see  very  distinctly  at  the 
back  of  the  eye  the  image  of  any  bright  object  which  is 
placed  before  it.  Hence  we  cannot  doubt  but  that  the 
images  of  the  external  world  so  faithfully  depicted  on  the 
retina,  is  the  first  condition  of  vision. 

Under  this  general  view,  the  physical  phenomenon  of 
vision  appears  to  be  a  very  simple  result  of  the  laws  of  re- 
fraction, and  of  the  power  of  lenaes;  but  on  examining 
more  accurately  all  the  circumstances  whidi  accompany  the 
formation  of  images  on  the  retina  or  chocoid,  difficulties 
present  themselves,  of  which  the  present  state  of  our  know- 
ledge hardly  ^ives  any  satisfactory  explanation.  The  two 
following  are  among  the  most  remarkable. 

1°.  The  eye  is  achromatic;  for  objects  do  not  appear 
surrounded  with  fringes  of  different  colours.* 

In  order  to  solve  this  question,  we  must  know  exactly 
the  indices  of  refraction,  the  dispersive  powers,  and  the 
curvatures  of  all  the  media  which  the  light  traverses  fiam 
the  cornea  to  the  retina ;  this  question  is  beset  with,  diffi- 
culties, since  the  different  parts  of  the  crystalline  have  very 
different  refractive  and  dispersive  powers. 

2°.  The  clearness  of  objects  seems  to  be  entirely  inde- 
pendent of  the  distance  of  objects ;  for  we  see  distincdy 
at  some  inches,  and  also  at  some  feet — at  some  miles,  and 
some  thousands  of  miles.  The  image  of  a  star  is  as  clear 
and  distinct  as  that  of  a  spark  immediately  under  our 
eyes. 

There  is  for  every  eye  a  distance  at  which  objects  are 
more  distinct  and  clear  than  at  any  other ;  but  the  eye  sees 
so  well  at  nearly  all  distances,  that  it  must  possess  some 
power  of  accommodating  itself  to  distances.  A  great  dif- 
ference of  opinion   prevails  among  philosophers  on  this 

•  This  is  contrary  to  the  opinion  of  some  philosophers :  see  Brewster's 
Optics,  p.  290. 
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point ;  some  suppose  that  the  eye  possesses  the  property  of 
elongation,  or  that  the  crystalline  can  change  its  fcM*m,  or 
that  the  iris  can,  by  altering  the  aperture  of  the  pupil, 
admit  rays  only  of  a  proper  coavergency.  Brewster 
maintains,  from  direct  experiment,  that  a  variation  in  the 
aperture  of  the  pupil,  produced  artificially^  is  incapahle  of 
producing  adjustment;  and  as  an  elongation  of  the  eye 
would  alter  the  curvature  of  the  retina,  and,  consequently, 
the  centre  of  visible  direction,  and  produce  a  change  of 
place  in  the  image,  that  this  h3rpothesi8  is  quite  untenable. 
His  experiments  lead  him  to  the  following  conclusions : 

1°.  That  the  contraction  of  the  pupil,  which  necessarily 
takes  place  when  the  eye  is  adjusted  to  near  objects,  does 
not  produce  distinct  vision  by  the  dimination  of  the  aper- 
ture, but  by  some  other  action,  which  necessarily  accom- 
panies it. 

2*".  That  the  eye  adjusts  its^f  to  near  objects  by  tw« 
actions,  one  of  which  is  vohntafy,  depending  wholly  on 
the  will,  and  the  other  involuntary,  depending  on  the 
stimulus  of  light  falling  on  the  retina. 

3**..  That  where  the  voluntafy  power  of  adjustment  faik, 
the  adjustment  may  still  be  effected  by  the  involuntary 
stimulus  of  light. 

Reasoning  on  these,  he  concludes  that  the  adjustment 
must  be  effected  by  the  parts  in  immediate  contact  with  the 
base  of  the  iris,  and  that  the  mechanism  of  the  iris  changes 
the  position  of  the  lens,  so  that  the  lens  is  removed  frim 
the  retina  by  the  contraction  of  the  pupil.* 

Pouillet,t  on  the  contrary,  considers  the  motion  of  the 
crystalline  lens,  and  its  contraction,  highly  improbable; 
and  agrees  in  rejecting  the  hypothesis  of  the  change  in  the 
elongation  of  the  eye,  and  in  the  curvature  of  the  cornea. 
Reasoning. on  the  certain  fact  of  the  change  of  the  aper- 
ture, and  from  the  construction  of  the  crystalline,  which  he 
finds  to  consist,  not  of  concentric  layers,  but  of  layers  un- 

•  Optics,  p.  302.  t  £'«»««  de  Physique,  Art.  649. 
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equal,  both  in  thickness  and  curvature,  he  arrives  at  the 
following  explanation. 

When  we  look  at  a  near  object,  we  contract  the  aperture 
of  the  pupil  considerably.  The  effect  of  this  contraction 
is  to  stop  the  rays  which  would  fall  too  far  from  the  centre 
of  the  crystalline,  and  which  would  converge  to  a  focus 
beyond  the  retina.  The  rays  which  are  admitted,  falling 
near  the  centre  of  the  crystalline  where  the  curvature  is 
considerable,  are  very  powerfully  refracted. 

When  a  distant  object  is  viewed,  we  open  the  pupil  as 
much  as  possible,  so  as  to  admit  a  very  large  pencil,  the 
outer  rays  of  which  falling  on  the  outer  parts  of  the  crys« 
talline,  where  the  curvature  is  less,  will  be  brought  to  a 
focus  at  the  retina. 

235.  Defects  of  Vision.  ^-^  A  very  common  defect  of 
vision,  especially  in  elderly  persons,  is  what  may  be  termed 
long-sightedness,  that  is,  they  are  obliged  to  hold  a  book  at 
two  or  three  feet  distance;  nearer  than  this  the  objects  are 
confused.  This  infirmity  results  evidently  from  a  defect 
in  the  convergence  of  the  pencils,  which  pass  the  humours 
of  the  eye,  and  is  generally  supposed  to  result  from  a  flat- 
tening of  the  cornea,  and  of  the  crystalline  lens.  It  has 
been  remarked,  that  those  who  have  too  long  sight,  have 
in  general  the  pupil  a  very  little  open,  as  if  they  were 
making  a  continual  effort  to  use  the  centre,  where  the  con- 
verging power  is  the  greatest,  instead  of  the  edges  of  tbe 
crystalline  lens.  This  defect,  when  unaccompanied  by  dis« 
ease,  may  be  entirely  made  up  by  the  use  of  a  convex  lens, 
which  assists '  the  eye  in  converging  pencils  from  near  ob- 
jects. 

The  other  very  common  defect  of  short-sightedness  shews 
itself  in  an  inability  to  see  distinctly  at  tbe  ordinary  dis^ 
tances ;  hence  objects  are  held  near  the  eye,  as  within  two 
or  three  inches  ;  every  object  beyond  this  distance  is  en- 
veloped in  a  cloud,  and  does  not  form  at  the  back  of  the  eye 
any  distinct  image.  This  defect  is  exactly  the  contrary  of 
the  preceding,  and  results  from  the  pencils  being  brought 
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too  soon  to  a  focus ;  the  eye  is  in  these  cases  too  poweiMy 
convergent.  We  suppose  that  the  cornea  or  crystalliDe 
lens  is  too  conyex,  and  it  has  been  remarked,  that  in  this 
case  the  pupil  is  always  dilated,  as  if  the  person  was  en- 
deayouring  to  use  the  edges  rather  than  the  centre  of  tke 
crystalline  lens.  This  defect  is  remedied  by  using  a  con- 
cave lens,  which  adds  divergency  to  the  incident  pencil,  to 
that  a  distinct  image  can  be  formed  on  the  retina. 

A  most  remarkable  defect  in  vision  is  that  arising  frm 
cataract^  which  is  a  change  in  the  opacity  of  the  crystalline 
lens ;  it  ceases  to  transmit  light,  and  the  individual  becomn 
perfectly  blind.  The  crystalline  lens  may,  however,  be 
removed,  as  is  done  in  the  operation  of  couching,  and  its 
place  can  be  supplied  by  a  convex  lens  piaoed  outside 
the  eye.  The  crystalline  lens  being  as  we  have  seen  ft 
convex  lens,  its  effect  on  a  pencil  of  rays  is  to  inciesse 
their  convergency ;  when  then  this  is  removed  they  will 
not  have  the  requisite  convergency ;  this,  however,  can  be 
given  to  them ;  hence  couched  people  must  always  wear 
spectacles;  they  must  also  wear  different  ^ectacles  for 
different  distances;  the  glasses  must  be  very  convex  for 
near  objects,  as  a  book  or  needle-work,  and  less  for  distant 
objects.  By  the  loss  of  the  crystalline  lens  the  eye  loses 
in  a  great  measure  its  power  of  adaptation;  hence  the  pendl 
must  be  modified  and  adapted  by  other  means.  The 
judgment  of  distance  also  is  impaired  at  first,  and  the 
person  must  learn  again  to  see. 

236.  5ptfc/ar/e«.— The  distance  of  distinct  vision  is  in 
general  from  eight  to  ten  inches,  but,  as  we  have  seen  in 
speaking  of  long  and  short-sightedness,  the  eye  has  other 
distances  of  distinct  vision  ;  it  is  sometimes  also  necessary 
for  other  purposes  to  be  aide  to  view  objects  at  less  dis- 
tances than  the  above.  This  is  accomplished  by  the  use  of 
spectacles  or  eye  glasses,  which  consist  of  a  lens  set  in  a 
frame ;  the  nature  of  this  lens,  that  is,  the  curvature  of  its 
surfaces,  may  be  readily  ascertained  from  the  preceding 
principles.     Suppose,  for  example,  that  a  person  cannot 
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see  distinctly  at  a  less  distance  than  thirty  inches.  In 
order  that  he  may  see^  as  well  as  a  person  whose  sight  is 
goody  ohjects  at  a  distance  of  ten  inches,  the  light  coming 
from  these  objects  must  be  modified  by  a  lens  so  as  not  to 
have  more  divergence  than  if  it  had  come  from  a  distance 
of  thirty  inches.  Consequently^  the  object  being  ten  inches 
from  the  lens^  the  virtual  image  must  be  thirty  inches^  and 
from  these  data  it  is  known  that  the  focal  length  of  the 
lens  must  be  fifteen  inches.  Hence,  a  person  who  natu- 
rally  sees  distinctly  only  at  thirty  inches  must  employ 
immediately  before  his  eye  a  converging  lens  of  fifteen 
inches  principal  focal  distance^  in  order  to  see  distinctly  at 
ten  inches. 

Similarly^  if  a  person  cannot  see  clearly  except  at  five 
inches  we  shall  find  the  lens  which  he  must  use  is  a 
diverging  lens  of  ten  inches  focal  distance.* 

237.  Microscopes. — The  common  magnifying  glass  or 
simple  microscope  is  nothing  but  a  converging  lens  of  very 
short  focus.  This  instrument  enables  us  to  see  objects 
which  could  not  possibly  be  seen  by  the  unassisted  sight. 
The  botanist  detects  by  means  of  it  the  delicate  organs  of 
plants,  and  workmen  in  every  department  of  the  arts  use 
it  for  minute  adjustments  and  operations. 

The  object  to  be  viewed  must  be  placed  near  the  lens  at 
a  distance  less  than  its  principal  focal  distance.  Let  a  b 
be  the  object  before  the  lens  c  d,  and  viewed  by  an  eye  at  e. 
The  course  of  the  rays  will  be  seen  in  the  figure ;  the  rays 
from  A  and  b  which  pass  through  the  centre  of  the  lens  come  to 
the  eye  under  the  same  angle,  as  if  the  eye  were  in  the  place 
of  the  lens.  Hence  the  appearance  of  the  object  ought  to 
be  the  same  as  if  the  eye  were  in  the  place  of  the  lens,  and 
the  apparent  magnitude  of  the  object  is  the  same,  for  this 

*  The  mathematical  formula  for  these  and  all  similar  cases  tsr'^j—^ 

where  f  is  the  focal  length  of  the  required  lens,  and  d  the  distance  of 
distinct  vision,  the  natural  distinct  vision  being  supposed  to  be  at  ten 
inches.  The  lens  will  be  a  divei^^ing  or  converging  one,  according  as 
the  resulting  value  of  f  is  positive  or  negative. 
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depends  on  the  mngle  which  the  extreme  rays  make  at  the 
centre  of  the  lens.  If  then  the  object  i^ypears  to  have  tlie 
same  magnitude  as  it  would  have  if  the  eye  were  in  tlie 
place  of  the  lens^  we  may  reasonably  inquire  from  what  arises 
the  advantage  of  interposing  a  lens.  This  will  be  seen  at 
once  from  what  has  been  already  said  respecting  the  dis- 
tance for  distinct  vision;  the  rays  from  any  pcnnt  of  the 
object  must  meet  the  retina  in  one  point.  But  the  eye 
being  in  the  place  of  the  lens  the  divergence  of  the  rays 
would  render  this  impossible,  and  consequmtly  distinct 
vision  could  not  take  place  under  these  drcumstances.  Ob* 
jects^  however,  not  being  distinctly  visible  when  very  near 
the  eye,  may  be  rendered  so  hy  the  interposition  of  a  lens; 
and  this  is  the  service  which  t^e  lens  renders ;  it  enables  os 
to  see  an  object,  when  held  very  near,  which  must  otherwise 
be  held  afar  off;  and  the  magnifying  power  of  the  simple 
microscope  arises  entirely  from  the  &ct  of  its  enabling 
us  to  view,  at  a  very  small  distance,  that  is,  with  the 
extreme  rays  making  a  lai^  angle,  an  object  which  must 
otherwise  be  held  at  the  usual  distance  for  distinct  vision. 
Thus,  suppose  the  place  of  distinct  vision  to  be  at  o,  then 
the  object  a  b  will  appear  as  a'  b',  when  viewed  through 
the  lens  c.  Now  the  magnitudes  a'b',  a  b,  are  as  their 
distances  from  the  centre  of  the  lens,  and,  consequently,  if 
A'  b'  be  twenty  times  farther  from  the  lens  than  a  b,  it  will 
be  tw^ity  times  larger  than  it.  But  A  b  is  very  near  the 
focus  of  the  lens,  hence  the  magnifying  power  of  the 
simple  microscope  is  measured  by  the  number  of  times 
which  the  focal  distance  of  the  lens  is  contained  in  the 
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distance  at  which  small  objects  are  seen  distinctly  by  the 
naked  eye. 

The  compound  microscope  consists,  in  its  simplest  form, 
of  two  lenses,  the  object  glass  and  the  eye  glass.  A  mag- 
nified image  of  the  object  is  formed  by  the  object  glass  o. 


and  the  eye  glass  e  enables  the  eye  to  view  this  image 
very  near ;  thus,  suppose  the  object  glass  to  form  an  image 
at  B  ten  times  the  size  of  the  original  object  at  A,  and  that 
the  eye  glass  enables  the  eye  to  view  this  at  a  distance  -^^ 
of  that  which  is  necessary  for  distinct  vision  with  the  naked 
eye,  then  the  original  object  will,  by  this  compound  micros 
scope,  be  seen  represented  at  c,  magnified  one  hundred 
times. 

The  magnifying  power  then  of  the  microscope  arises 
from  its  enabling  us  to  view  objects  much  nearer  than  we 
could  otherwise  do ;  but  we  can  see  them  very  close  with 
the  naked  eye  by  the  simple  contrivance  of  piercing  a  little 
hd^  in  a  thin  plate^  and  viewing  through  it  a  small  object 
very  close  and  well  illumined ;  the  object  will  be  seen  dis- 
tinctly^  and  will  appear  magnified  as  by  the  microscope. 
Here  there  are  no  divergent  rays  whose  divergency  must 
be  destroyed,  the  extreme  smallness  oi  the  passage  afforded 
to  the  light  prevents  more  than  one  ray,  so  to  speak,  from 
each  point  of  the  object  coming  to  the  eye^  whence  con- 
tinuing in  the  eye  their  route,  each  makes  its  distinct 
impression;  thus  the  object  is  seen  without  confusion^  but 
with  little  brightness.  The  advantage  then  of  the  micro- 
scope is,  that  it  makes  a  great  number  of  rays  enter  the 
eye,  so  that  we  are  enabled  to  see  the  object  with  greater 
distinctness.  ^ 
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'23S.  The  laws  of  the  difiraction  of  light,  that  is,  the  lito 
of  the  phenomena  which  are  eihibited  when  light  panel  ■ 
sharp  edge,  and  tbrou^  a  small  hole  or  slit^  are  among  .tbe 
most  interesting  and  important  phenomena  in  optics^  Tht 
heanty  of  the  phenomena  must  always  reader  tbem  a  gml 
object  of  interest,  bnt  the  important  consequences  to  w hitJi 
they  lead  renders  them  of  especiil  value  in  the  present  stale 
of  science.  It  was  these  which  presented  the  first  for- 
midable obstacle  to  the  theoiy  of  emission,  and  which  ]«d 
to  the  adoption  of  the  theory  of  undulations.  The  diffi- 
culties of  treating  this  subject  in  an  elementary  manper 
are  very  great,  but  we  shall  endeavour  in  the  piesoit 
section  to  point  out  some  of  the  more  important  phenomeDi, 
and  the  consequences  to  which  tbey  lead. 

239.  Phenomena.  —  A  pencil  of  solar  light  reflected 
horizontally  enters  a  dark  chamber,  and  is  received  on 
a  lens  L  l'  of  short  focus,  and,  continuing  its  course,  fomu 
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a  very  divergent  cone.  That  [the  light  of  this  cone  may 
not  be  mixed  with  extraneous  light,  a  diaphragm  or  stop 
D  d'  is  placed  round  the  lens ;  and  that  the  light  may  be  as 
homogeneous  and  simple  as  possible^  it  is  transmitted 
through  coloured  glass  r  r',  which  transmits  only  the  rays 
of  one  colour.  Then  if  a  screen  whose  edge  is  thin  and 
clear  be  placed  at  £  c^  a  short  distance  from  the  focus  f, 
and  its  shadow  be  received  on  a  tablet  T  t',  or  a  piece  of 
ground  glass^  it  will  be  seen, 

P.  That  the  line  f  s  g,  which  is  the  geometrical 
boundary  of  the  shadow,  is  not  the  real  separation  of  light 
and  shade. 

2^.  Above  this  line  the  screen  is  not  dark,  but  has  a 
sensible  brightness,  which  extends  to  a  considerable  dis* 
tance,  diminishing  in  intensity  almost  uniformly. 

3°.  Below  this  line,  on  the  contrary,  there  are  alter- 
nately fringes  of  light  and  dark,  which  are  extremely 
remarkable.  First,  at  b  is  a  bright  band  or  fringe,  exceed- 
ingly brilliant,  and  parallel  to  the  edge  e  of  the  screen,  or 
to  the  trace  of  the  geometric  shadow ;  then  comes  a  dark 
band,  very  black,  and  parallel  to  the  first ;  this  is  a  black 
fringe  of  the  first  order.  Then  comes  a  second  bright 
band,  and  then  a  dark  band,  which  is  black  of  the  second 
order.  This  succession  continues  for  a  great  distance  from 
G,  so  that  it  is  sometimes  easy  to  observe  black  fringes  of 
the  sixth  or  even  of  the  seventh  order.  In  proceeding 
from  the  outline  of  the  geometric  shadow  the  fringes  or 
bands  decrease  in  brilliancy,  and  the  dark  bands  take  a 
more  decided  luminous  tint.  Lastly,  they  disappear  en- 
tirely, or  rather  are  lost  in  the  light  which  passes  at  a 
small  distance  from  the  edge  of  the  screen.  The  bright 
and  dark  bands  of  the  different  orders  take  their  rise  at  the 
edge  of  the  screen ;  for  if  their  path  be  accurately  traced 
it  will  be  found  to  be  curved,  and  very  exact  measures 
determine  the  curves  to  be  hyperbolas. 

These  phenomena  are  produced,  with  slight  changes  in 
their  appearance^  whatever  be  the  distance  of  the  screen 
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T  t'^  and  of  the  focus  F,  which  is  the  luminous  point,  from 
the  edge  E ;  they  are  produced  also  with  all  the  cakxirs  of 
the  spectrum,  but  we  may  observe  that  from  the  red  light 
to  the  violet  the  bright  and  dark  fringes  diminish  grsduallj 
in  breadth,  and  become  in  oonseqaenoe  more  oontiacted, 
and  nearer  to  the  geometric  shadow.  Hence  it  is^  as  we 
shall  see  presently,  that  white  light  does  not  give  bands 
alternately  white  and  black,  but  bands  coloured  alternately 
with  different  colours.  For  each  of  the  simple  eoiloun  ii 
the  white  light  undergoes  the  same  diffraction  as  if  it  were 
alone  ;  starting  from  the  geometric  shadow,  it  is  the  violet 
which  will  fail  first,  and  the  red  consequentiiy  ought  to 
appear  first  after  the  white  band  which  borders  tiie 
shadow.  But  at  the  distance  when  the  red  would  fail 
were  it  alone,  the  other  colours  will  not  fail,  and  thdr 
mixture  will  give  a  compound  tint.  Thus,  when  the  law 
of  the  bands  is  known  for  each  of  the  simple  colours,  it  will 
be  easy  to  assign  the  order  and  nature  of  the  more  or  leis 
complex  tints,  which  white  light  ought  to  give.  These 
remarkable  shadows  are,  from  the  name  of  the  philosopher 
who  first  wrote  upon  them,  and  their  variously  coloured 
appearance  when  made  with  white  light,  called  Grimaldi's 
fringes. 

240.  Consequences. —  The  preceding  experiments  lead 
to  the  following  conclusions. 

r.  That  under  certain  conditions  rays  of  light  exert  on 
each  other  a  mutual  action. 

2''.  From  this  action  arises  necessarily  the  principle  of 
interferences,  a  principle  of  great  extent^  and  to  which  all 
the  phenomena  of  optics  are  subject. 

3°.  The  principle  of  interference  seems  inevitably  to 
lead  to  the  system  of  undulations. 

Respecting  the  mutual  action  of  the  rays  of  light,  and 
their  interference,  we  find  it  stated  by  Grimaldi,  that  a 
body  already  illuminated  may  become  less  bright  by  the 
addition  of  a  new  light,  besides  that  which  it  already 
receives.  This  proposition  is,  at  first  sight,  most  impro- 
bable and  paradoxical,  since  the  characteristic  property  of 
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light  is  to  illumine,  aod  not  to  darken^  the  body  it  strikes 
on.  Of  the  truth,  however,  of  this  paradox  there  can  be 
no  doubt^  as  will  be  seen  from  a  very  simple  experiment. 
Let  the  solar  light,  reflected  horij^ontally,  be  admitted  into 
a  dark  chamber  by  two  small  holes,  which  are  near  each 
other,  but  separated  by  such  an  interval  that  the  conical 
pencils  do  not  intermix,  except  at  a  certain  distance.  A 
little  beyond  the  point  where  they  intermix  let  them  be 
received  on  a  screen ;  then  at  some  points  of  the  illumined 
part  there  will  be  a  partial  or  comparative  darkness.  If 
now  one  of  the  openings  be  closed  so  that  the  light  is  not 
intermixed  on  the  illumined  part,  but  the  screen  receives 
light  only  from  one  hole,  the  partial  darkness  will  vanish, 
parts  of  the  remaining  circle  will  have  become  brighter 
by  this  loss  of  light.  And  this  darkening  of  portions  of 
the  circles  when  both  holes  are  open,  and  the  brighten- 
ing when  one  is  closed,  are  distinct  and  certain  facts. 
Under  these  circumstances,  then,  it  is  evident  that  the 
addition  of  fresh  light  produces  darkness,  and  conversely 
an  obscure  surface  becomes  brighter  by  the  removal  of  some 
of  the  light  which  shines  upon  it. 

When  the  preceding  experiment  is  made  with  great 
care,  and  light  of  one  colour  is  admitted  through  two  fine 
slits  or  holes  very  near  each  other,  the  pencil  produces 
bands  which  are  alternately  bright  and  dark,  exactly 
analagous  .to  the  bands  in  the  preceding  experiments  of 
difiraction.  But  when  either  of  the  apertures  is  closed 
the  bands  disappear,  and  the  space  in  which  they  were 
is  occupied  by  light  nearly  uniform.  Thus  the  stoppage 
of  the  light  from  one  aperture  removes  the  partial  ob- 
scurity which  existed  between  the  bright  space:  this 
darkness,  therefore,  results  from  the  concourse  of  the  two 
lights  meeting  obliquely  from  the  two  apertures.  There 
are  many  other  experiments  equally  or  even  more  de- 
cisive than  these,  but  of  whidi  no  account  can  here  be 
given ;  the  fundamental  truth  which  they  all  establish  is, 
that  two  rays  of  light  emanating  from  the  same  source,  and 
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meeting  under  a  small  obliquityj  exert  on  each  other  a 
mutual  action  of  such  a  nature  as .  alternately  totaUj 
destroys  and  doubles  the  intensity  of  the  light* 

The  phenomena  just  quoted  furnish  strong  evidence  in 
favour  of  the  hypotheses  which  are  founded  on  them^  and 
which  will  be  mentioned  hereafter  ;  but  the  expeiimeot  of 
Fresnel  is  so  simple  and  decisive,  that  we  cannot  altogether 
omit  it. 

241.  FresneVi  Experiment. — ^Two  metallic  mirrors  aie 
placed  with  their  edges  in  contact  and  inclined  to  each 
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other  at  a  very  small  angle,  that  is,  their  polished  faces 
containing  a  very  obtuse  angle.  Let  m  c,  m'  c,  represent  the 
two  mirrors  with  their  edges  in  contact  at  c.  At  a,  in 
front  of  these  mirrors,  is  a  lens  of  short  focus,  which  brings 
the  light  to  a  focus  at  f,  whence  there  issues  a  diverging 
cone  of  light,  rendered  homogeneous  by  its  passage  through 
some  coloured  medium  which  allows  but  of  one  colour  to 
pass.  This  light  falls  on  the  different  points  of  the  two 
mirrors,  and  being  reflected  forms  bars  and  fringes^  which 
are  alternately  bright  and  dark.  These  bars  are  subject 
to  the  following  conditions :  they  are  parallel  to  the  com- 
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mon  intersection  of  the  two  mirrors ;  they  are  symmetrical 
'  with  respect  to  the  plane  passing  through  m  c  if'  and  the 
point  f;  the  central  bar,  or  that  which  passes  through 
B,  is  always  bright ;  if  one  of  the  mirrors  be  covered  all 
the  bars  disappear,  and  reappear  when  the  obstruction  4s 
removed. 

This  experiment  furnishes  the  most  certain  evidence  of 
the  fact^  that  two  streams  of  light  do^  hy  intermixture^ 
absolutely  produce  darkness.     The  phenomena  are  pro- 
duced by  reflexion  at  parts  of  mirrors  not  near  to  the  line 
in  which  their  edges  meet,  or  to  the  edges  of  the  mirrors. 
In   the  preceding  articles  it  may  he.  supposed  that  the 
light  experiences  certain  modifications  from  contact  with 
the  edges^  and  we  cannot  be  sure  that  the  internal  fringes 
and   other  phenomena  may   not   result  from   some  such 
action.     But  in  this  beautiful  experiment  with  the  mirrors 
the  light  experiences  no  action  from  the  edges,  it  is  re- 
flected strictly  according  to  the  regular  laws  of  reflexion, 
and  it  is  the  concourse  of  two  rays,  simply  reflected,  which 
produces  alternately  a  double  brightness  or  absolute  ob- 
scurity.   At  B  there  will  be  a  bright  bar ;  on  each  side  of  it, 
as  at  D  and  d',  there  will  be  a  black  or  dark  bar ;  then  will 
follow  a  light  bar,  and  so  on,  alternately  bright  and  dark, 
as  represented  by  the  dots ;  they  become  more  and  more 
indistinct  as  we  recede  from  the  centre  b,  and  at  last  cease 
to  be  visible. 

Now,  it  is  to  be  remarked  that  the  light  which  comes 
from  L  to  the  points  b,  d,  &c.  comes  by  different  paths 
from  the  mirrors ;  consequently,  the  lengths  of  these  paths 
may  be  different ;  that  is,  the  light*  which  comes  to  the 
point  D  by  reflexion  at  the  mirror  m  c,  may  have  travelled 
over  a  greater  distance  in  coining  from  L  than  the  light 
which  comes  to  the  same  point  D  by  reflexion  at  the  mirror 
m'c.  When  these  paths  are  equal  the  intensity  t)f  the 
light  is  added ;  when  unequal,  the  light  will  in  some  cases 
be  increased,  in  others  diminished,  in  intensity;  that  is, 
there  will  be  a  bright  bar  in  some  cases  and  a  black  bar  in 
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othen.  And  the  augmentBtum  or  diinuitition  of  H{^ 
fdlows  an  invariable  law,  which  depends  on  the  ezooitf 
the  path  of  the  light  from  one  mirror  above  iti  path  firan 
the  other.  Whenever  thii  excess  is  an  even  multiple  of  t 
certain  constant  quantity,  the  intensities  ere  added,  or 
there  is  a  bright  bar ;  whenever  the  excess  is  an  odd  mul- 
tiple of  this  same  quantity,  the  intensities  are  destrojed,  or 
there  is  a  dark  bar.  Suppose  the  length  of  this  quantity 
to  be  /,  then  there  is  brightness  at  all  those  points  in 
which  the  difference  of  the  paths  is  2i,  4  /,  6  /,  &&,  loi 
darkness  at  all  those  points  for  which  the  difference  of  the 
paths  is  i^  3  /,  5  /.  This  quantity  /  may  be  measored,  tnd 
the  fact  of  the  bright  and  dark  points  being  subject  to  tlui 
law  of  the  difference  of  the  paths  is  an  experimental  one, 
entirely  independent  of  any  hypothesis  respecting  tiie 
nature  of  light.  We  shall  see  how  the  principle  of  inter* 
ferences  is  to  be  deduced  from  these  phenomena. 

242.  Principle  of  Interfereuces.'^FTam  the  preoeding 
article  it  appears  that  two  homogeneous  rays  of  light, 
emanating  from  the  same  source,  may,  after  passing  over  i 
certain  distance,  come  to  a  point  under  such  circnmstanoei 
that  the  brightness  will  be  almost  entirely  annihilated. 
The  difference  of  the  paths  of  the  light  is  the  only  cir- 
cumstance on  which  this  remarkable  affection  of  light  de* 
pends.  It  can  be  referred  to  nothing  else  but  the  mutotl 
action  of  the  rays  of  light,  and  to  this  mutual  action  the 
term  interference  is  assigned.  This  term  is  not  here  used 
in  the  most  general  sense  in  which  it  may  be  applied  ;  bat 
in  a  sense  exactly  similar  to  that  in  which  it  has  been 
already  used  in  speaking  of  the  laws  of  sound  (Art.  137) ; 
it  may  be  used  in  a  more  general  sense,  as  will  be  seen 
hereafter,  when  we  speak  of  the  phenomena  of  polarisation. 
This  statement  need  only  be  regarded  as  a  barren  fad; 
that  which  we  call  the  interference  of  the  rays  does  pro- 
duce darkness;  we  shall  see  what  consequences  must 
necessarily  be  deduced  from  these  facts. 

243.  CoHsequences.^^The  important  consequence  whidi 
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follows  from  the  preceding  factB  may  be  stated  in  the 
following  form:  'The  facts  of  inter&venee  at«  utterly 
irrecondleable  with  every  known  system  of  etaiman,' 
It  will  generally  be  admitted  that  wherever  there  is  light 
there  is  motion  of  some  kind  or  other;  the  time  which 
light  takes  to  come  from  the  satellites  of  Jupiter  to  us  is  a 
sufficient  proof  of  this  fact.  Among  ail  the  kinds  of  motion 
which  exist  there  are  two  essentially  different^  viz.  the 
motion  of  translation  and  the  motion  of  vil»'ati(m.  Here  it 
is  that  the  two  opinions  on  light  diverge;  some  assert 
that  it  is  propagated  by  translation,  others  by  vibration. 
The  former  hypothesis  constitutes  the  system  of  emission, 
for  the  luminous  substance  would  in  this  case  be  emitted 
by  the  sun  in  all  directions.  The  latter  constitutes  the 
system  of  unduUttions  ;  fcnr  the  luminous  substance  would 
in  this  case  undergo  slight  displacements,  experiencing 
alternating  motions^  by  which  the  luminous  particle  is 
at  one  instant  removed  from  the  sun,  and  in  the  next 
brought  back  by  the  same  quantity ;  a  vast  number  of  these 
backward  and  forward  motions  occurring'  in  a  very  short 
time.  In  this  case  the  luminous  substance  would  have 
an  existence  independent  of  the  luminous  body ;  just  as 
the  air  has  an  existence  independent  of  the  8on(m>us  body ; 
this  substance  at  rest  would  not  constitute  fight  any  more 
than  air  at  rest  constitutes  sound. 

With  respect  to  these  two  systems  we  may  remark,  that 
the  phenomena  o£  interference  and  the  theory  of  emission 
are  utterly  irrecondleable ;  that  two  partides  endued  with 
the  same  velodty,  and  moving  very  nearly  in  the  same 
directions,  should  have  their  velodties  absolutely  destroyed 
on  meeting  with  each  other,  is  a  mechanical  impossibility. 
The  theory  of  undulations  may  be  false,  but  we  cannot 
concdve  the  thecnry  of  emission  to  be  true. 

244.  Formation  of  coloured  rings  in  thin  plales.'-^AM 
transparent  bodies  present  most  vivid  colours  when  reduced 
into  suffidently  thin  plates.  The  thinnest  films  of  glass 
and  mica  generally  met  with,  both  reflect  and  transmit 
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wliilc  lij^lit ;  but  if  the  thickness  of  these  substances  be 
sufficiently  reduccdi  the  light  is  in  both  cases  coloured. 
Thus,  if  the  gloss  be  blown  just  to  the  point  of  breaking 
their  fragments  present  most  yivid  colours,  the  traos- 
pnrcncy  of  the  substances  is  not  at  all  a  necessary  (xmdidon, 
for  iron,  steel,  and  all  other  metals^  acquire^  by  eiposureto 
the  air,  the  power  of  exhibiting  colours.;  this  arisa  from 
the  thin  layer  of  oxide  which  is  formed  on  their  sar&o. 
If  a  drop  of  oil  be  let  full  on  pure  water,  or  on  water  M- 
encd  with  ink,  it  rapidly  extends  over  the  surface,  and 
forms  a  thin  layer,  which  exhibits  all  the  colours  of  the 
s^xHrtrum  ;  the  same  is  seen  in  a  layer  oF  alcohol,  or  snj 
other  fluid  which  evaporates  freely  on  a  polished  sur&ce; 
the  instant  before  it  all  disappears  the  layer  is  suffidendr 
thin  to  exhibit  colours.  The  brilliant  colours  of  soap 
bubbles  are  very  well  known;  they  are  only  produced 
when  the  bubble  is  extremely  thin.  Round  the  point  of 
contact  of  the  surfaces  the  rings  are  circular  and  regular, 
if  the  surfaces  themselves  have  a  symmetrical  curvature 
about  the  point  of  contact.  These  phenomena  may  be  ei- 
hibitcd  with  great  distinctness  and  regularity  by  the  follow- 
ing contrivance.  A  plane  piece  of  glass  and  one  very 
slightly  convex  are  placed  in  contact,  and  slightly  pressed 
together,  so  that  there  is  included  betwixt  them  an  ex- 
ceedingly thin  layer  of  air.  On  looking  down  upon  this, 
rings  will  be  seen.  In  the  centre  will  be  a  black  spot, 
then  a  light  ring  slightly  coloured  at  the  edges,  then  a  dark 
ring,  and  so  on,  growing  fainter  till  they  quite  disappear. 
We  may  remark  that  these  rings  continue  the  same  under 
the  vacuum  of  an  air  pump.  So  that  in  the  most  com- 
plete vacuum  which  we  can  produce  the  circumstances 
are  such  that  the  same  rings  are  produced  as  by  a  thin 
layer  of  any  other  substance,  whether  liquid  or  gase- 
ous ;  hence  we  may  infer,  that  the  same  rings  would  be 
produced,  even  were  the  intervening  space  a  perfect 
vacuum.  When  homogeneous  light,  as  pure  lamp-light,  is 
used,  the  white  and  dark  rings  are  exceedingly  numerous 
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and  distinct ;  and  when  the  difierent  rays  of  the  spectrum 
are  used,  they  will  he  found  to  he  of  the  same  colour  as  the 
light*  They  will  he  found  largest  in  red  lights  and  con- 
tract gradually  through  all  the  succeeding  colours  till  they 
reach  their  smallest  size  with  the  violet  rays. 

The  dark  rings  are  formed  by  the  transmitted  light,  and 
the  hright  rings  by  the  reflected  light ;  for  if  the  glass  he 
held  between  the  eye  and  the  light,  the  centre  will  appear 
bright,  being  surrounded  by  a  dark  ring,  then  a  bright  one, 
and  so  on,  alternately.  Thus  it  is  evident  that  the  thicks 
ness  which  appears  black  by  reflected  lights  is  that  which 
will  appear  bright  by  transmitted  light,  and  conversely. 
Also,  the  colours  formed  by  the  transmitted  light  are  com- 
plementary to  those  formed  by  the  reflected  light. 

The  general  appearance  of  the  rings  will  be  understood 
from  the  accompanying  figure.     Looking  down  on  the 


glass,  or  viewing  it  at  a  small  obliquity,  with  reflected  light, 
there  will  be  seen  a  black  central  spot,  then  a  bright  ring 
A,  then  a  dark  ring,  then  another  bright  ring  d,  and  so  on. 
On  holding  the  glass  up  to  the  light  so  as  to  look  through 
it,  there  is  a  bright  spot  a  in  the  centre,  surrounded  by  a 
dark  ring,  then  another  bright  ring  c,  and  so  on.  The 
black  rings  become  lighter  in  receding  from  the  centre, 
and  are  finally  lost.  The  rings  will  only  be  completely 
black  when  homogeneous  L'ght  is  used ;  for  solar  light  they 
will  be  coloured  at  their  edges  ;  and  these  colours  gradually 
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fade  away.  The  succession  of  rings  and  colours  has  bees 
accurately  laid  down  and  described  by  Newton,  and  font 
a  most  invaluable  scale,  called  '  Xewton's  scale  of 
colours.* 

245.  Breadth  of  the  rinses. — The  most  ikvoarable  combi- 
nation for  exhibiting  the  rings  consists  of  a  conrex  lens  of 
small  curvature,  that  is,  of  very  large  radius,  pressed  dowB 
on  a  plane  surface  of  glass :  the  diameters  of  the  rings  ntj 
then  be  measured,  and  the  corresponding  thickness  of  tbe 
air  in  which  they  are  produced  calculated. 

Thus,  let  the  accompanying  figure  represent  a  sphericid 
glass  of  large  curvature,  in  contact  at  T,  with  a  plane  sur- 


face. Then  the  thickness  a  b,  c  D,  e  f,  at  which  the  ringi 
of  the  1**,  2°^,  and  3"*  order  are  produced,  are  pro- 
portional to  the  squares  of  the  corresponding  distances  T  a, 
T  c,  &C.  This  is  a  proposition  in  simple  geometry ;  heDce^ 
knowing  the  diameters  of  the  rings  by  actual  measuremeot, 
we  shall  know  the  distances  between  the  plates  at  whidi 
these  colours  are  produced.  This  was  done  with  great  can 
by  Newton,  when  he  found,  for  the  first  six  rings,  tbe 
squares  of  the  diameters  to  be  as  the  odd  numbers  1,  3, 5, 
7,  &C.,  and  consequently  the  intervals  at  the  rings  are  in 
the  same  proportion.  Having  measured  also  the  diameters 
of  the  dark  or  faint  rings  between  the  more  lucid  coloorSt 
he  found  their  squares  to  be  as  the  even  numbers  2,  4,  6, 
&c.*  Thus,  where  the  distances  between  the  glasses  aie 
as  the  numbers  1»  3,  5«  &c,  the  light  will  be  reflected; 
and  when  as  the  numbers  0,  2,  4,  6,  &c.,  it  will  be  trans- 
mitted.    It  is  of  great  importance  to  observe  that   these 
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distances  are  facts  of  direct  observation  and  experiment ; 
and  being  entirely  independent  of  anj  hypothesis  respect- 
ing the  nature  of  light,  will  be  found  of  great  value  in 
examining  the  truth  of  any  proposed  theory. 

246.  Fits  of  transmission  and  reflexion, — On  the  expla- 
nation which  can  be  offered  of  the  preceding  remarkable 
phenomena,  we  shall  not  at  present  make  any  remarks ;  but 
proceed  to  the  subject  of  Newton's  '  Fits/  which  have 
sometimes  been  supposed  as  affording  a  theoretical  account 
of  the  cause  of  the  phenomena.  This  they  do  not ;  nor 
were  they  viewed  by  their  author  in  the  light  of  a  physical 
theory.  They  were  merely  intended  as  an  hypothetical 
mode  of  expressing  some  certain  physical  facts,  as  will  ap- 
pear in  the  account  which  we  shall  here  add  in  Newton*8 
own  words.  These  fits  are  denned  in  the  following  words  :♦ 
*  The  returns  of  the  disposition  of  any  to  be  reflected,  I 
will  call  its  Fits  of  easy  Refleiion ;  and  those  of  its  dispo- 
sition to  be  transmitted,  its  Fits  of  easy  Transmission ;  and 
the  space  it  passes  between  every  return  and  the  next  return 
the  Interval  of  its  Fits.* 

This  definition  is  preceded  by  the  following  proposition: 
'  Every  ray  of  light  in  its  passage  through  any  refracting 
surface,  is  put  into  a  certain  transient  constitution  or  state ; 
which,  in  the  progress  of  the  ray,  returns  at  equal  inter- 
vals^ and  disposes  the  ray  at  every  return  to  be  easily  trans- 
mitted through  the  next  refracting  surface ;  and  between 
the  returns  to  be  easily  reflected  by  it.*  *  From  the  experi- 
ments mentioned  in  the  last  article,  it  appears  that  one  and 
the  ^ame  sort  of  rnys^  at  equal  angles  of  incidence  on  any 
thin  transparent  plate,  is  alternately  reflected  and  trans- 
mitted, for  many  successions,  according  as  the  thickness  of 
the  plate  increases,  in  arithmetical  progression  of  the  num- 
bers 0,  1,  2,  3,  4 ;  so  that  if  the  First  Reflexion  (that  which 
makes  the  first  or  innermost  of  the  rings  of  colours)  be 
made  at  the  thickness  1 ,  the  rays  shall  be  transmitted  at 
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the  thicknettet  0,  %  4^  &c.»  and  therefaj  make  the  eotal 
spot  and  rings  of  lig^t  which  appear  by  tzantmiiiioB; 
and  be  reflected  at  the  thickness  1^  3,  5,  and  therein  mab 
the  rings  which  appear  bj  reflexion.  And  this  altemite 
reflexion  and  transmission,  as  I  gather  bj  the  24th  Olia- 
vation,  continues  for  above  a  hundred  viciasitudesy  snd  \j 
the  Observations  in  the  next  part  of  thia  Book,  fbr  ussf 
thousands,  being  propagated  from  one  surface  of  s  j^ 
plate  to  the  other,  though  the  thickness  of  the  plate  be  i 
quarter  of  an  inch  or  above ;  so  that  thia  alternation  seosi 
to  be  propagated  from  every  refracting  8ur£soe.  to  sU  &• 
tances,  without  end  or  limitation/ 

The  proposition,  a  portion  of  which  we  have  just  qootod, 
concludes  in  the  following  remarkable  manner:  'Wbt 
kind  of  action  or  disposition  this  is  ;  whether  it  consists  is 
a  circulating  or  a  vibrating  motion  of  the  ray,  or  of  tk 
medium,  or  of  something  else,  I  do  not  here  inquire.  Thia^ 
that  are  averse  from  assenting  to  any  new  discoveries^  but 
such  as  they  can  explain  by  an  hypothesis,  may  &r  tk 
present  suppose,  that  as  stones,  by  falling  upon  water,  pnt 
the  water  into  an  undulating  motion,  and  all  bodies  bjr 
percussion,  excite  vibrations  in  the  air;  so  the  rays  of  liglht, 
by  infringing  on  any  refracting  or  reflecting  surfiure,  f^«t« 
vibrations  in  the  refracting  or  reflecting  medinm  or  sub- 
stance, and  by  exciting  them  agitate  the  solid  parts  of  the 
refracting  or  reflecting  body,  and  by  agitating  them  caaae 
the  body  to  grow  warm  or  hot ;  that  the  vibrations  thiu 
excited  are  propagated  in  the  refracting  or  reflecting 
medium  or  substance,  much  after  the  manner  that  vibrations 
are  propagated  in  the  air  for  causing  sound,  and  move  &ster 
than  the  rays,  so  as  to  overtake  them ;  and  that  when  any 
ray  is  in  that  part  of  the  vibration  which  conspires  with  its 
motion,  it  easily  breaks  through  a  refracting  surface  *  but 
when  it  is  in  the  contrary  part  of  the  vibration,  which  im- 
pedes its  motion,  it  is  easily  reflected  ;  and,  by  consequence, 
that  every  ray  is  successively  disposed  to  be  easily  reflected 
or  easily  transmitted,  by  every  vibration  which  overtakes 
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it*  But  whether  this  hypothesis  be  true  or  false,  1  do  not 
here  consider.  I  content  myself  with  the  bore  discovery > 
that  the  rays  of  light  are,  by  some  cause  or  other^  alter- 
nately disposed  to  be  reflected  or  refracted  f(nr  many  vicissi- 
tudes.' 

From  the  preceding  extracts  the  reader  may  have  some 
general  idea  of  this  most  ingenious  hypothesis,  by  which 
Newton  linked  together  the  phenomena  of  the  reflected  and 
transmitted  light,  and  the  colours  of  thin  plates.  This,  as 
we  have  stated,  has  sometimes  been  r^arded  as  a  physical 
tiieory^  whereas  it  is  merely  a  general  expression  of  a  fact. 
It  is  certain  that  light  is  alternately  transmitted  and  re- 
flected ;  but  in  asserting  this,  we  really  make  three  distinct 
liypotheses,  namdy,  that  it  is  alternately  transmitted  at 
certain  thicknesses,  and  alternately  reflected  at  certain 
others,  and  also  that  the  first  surface  has  nothing  to  do  with 
the  phenomena.  The  theory  of  undulations  shews  that  it 
ia  neither  reflexions  nor  transmissions  taking  place  alter«- 
aatdy  which  originates  the  rings,  but  that  the  rings  are 
produced  by  the  meeting  of  the  two  regular  reflexions, 
which  take  place  at  the  first  and  second  surfaces  of  the  thin 
plates. 
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PHIHOMEMA     OP     DOUBLE     KXFEACTION OKDINAKT     AND     BXTBiOUl* 

NARY     RAT—- DIPPIRINT    rROri&TIKS   OF    TKK     BJLTS POLAUXAUOf 

POLARIZATION    £T    RIPLKZION. 


247.  In  the  ordinary  cases  of  the  passage  of  light  throng 
media  which  have  been  already  treated  of  (Sect.  3.),  i 
single  pencil  of  incident  light  gives  but  a  single  paicfl  of 
emergent  light ;  but  in  some  cases  the  incident  pencil  gires 
two  emergent  pencils.  Those  substances  which  possev 
the  singular  property  of  dividing  a  single  pencil  of  ligfct 
into  two  pencils,  are  called  doubly  refracting  substanees^ 
The  phenomena  of  double  refraction  have  been  long  ob- 
served, but  they  have  now  acquired  very  great  importaofle 
in  consequence  of  the  speculations  to  which  they  give  lise 
respecting  the  nature  of  light.  ^These  pencils  possess 
different  properties^  and  the  peculiar  properties  whidi 
will  hereafter  be  shewn  to  be  communicated  to  them^  are 
expressed  by  the  general  term  polarization. 

Liquids  and  gases  are  not  naturally  doubly  refracting; 
and  though  they  may  sometimes  be  rendered  so^  it  is  oidy 
in  an  exceeding  small  degree ;  solids,  on  the  contrary^  may 
always  possess  this  property ;  of  these^  however^  there  are 
two  distinct  classes^  the  one  containing  those  which  possess 
this  property  naturally,  and  in  a  permanent  manner^  the 
other  those  which  possess  it  accidentally  and  artificially  by 
physical  or  mechanical  action,  as  by  sudden  coolings  or  by 
unequal  pressure  exerted  in  different  parts.  The  first  dass 
includes  all  regularly  crystallized  bodies^  whose  primitive 
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fonn  is  not  a  cube,  a  regular  octahedron^  or  rhomboidal 
dodecahedron.  The  second  class  includes  all  other  solid 
transparent  bodies,  gums,  resins,  and  gelatinous  substances. 
These  latter  may  acquire  the  property  of  double  refraction, 
but  the  former  cannot  be  deprived  of  it  so  long  as  they  pre- 
flerve  their  crystalline  character. 

The  best  substance  for  shewing  the  phenomenon  of 
double  refraction,  is  that  form  of  carbonate  of  lime  gene- 
rally called  Iceland  Spar :  this  substance  is  very  common, 
4  and  exhibits  the  double  refraction  in  great  perfection* 
I  The  rhomboidal  form  (Fig.  Art.  248.)  is  the  most  conveni- 
ent. Let  a  black  line  be  drawn  on  a  piece  of  paper^  and 
let  a  rhomb  of  this  spar  be  laid  upon  it ;  then,  on  look- 
ing through  the  upper  face  of  the  spar  down  on  the  paper 
two  lines  will  be  seen.  Again,  any  object  viewed  at  a  dis- 
tance through  the  spar  will  appear  double,  and  the  images 
will  be  more  separated  from  each  other  as  the  distance  of 
the  object  increases.  If  the  rhomb  be  turned  about  so  as  to 
complete  a  revolution,  the  two  images  will  have  a  regular 
motion,  so  that  one  will  fall  twice  on  the  prolongation  of  the 
other.  And  we  shall  easily  see  that  these  coincidences  of 
direction  correspond  with  two  exactly  opposite  positions  of 
the  rhomb.  If  a  large  object  be  observed,  the  two  images 
will  still  exist,  and  present  the  same  phenomena  of  lateral 
removal  or  coincidence ;  the  only  difference  being  that  they 
will  encroach  on  each  other,  and  not  present  a  complete 
separation.  The  rhomb  lying  over  the  line  or  any  dark 
spot  on  the  paper,  there  will  be  two  distinct  images  of 
every  point  in  the  paper,  whether  the  eye  looks  directly  on 
the  face  of  the  rhomb,  or  obliquely.  With  a  circle  traced 
on  paper  the  phenomena  are  very  distinct ;  the  circles  will 
appear  entirely  separated,  or  one  will  overlay  the  other, 
according  to  the  magnitude  of  the  circle  viewed. 

Any  pencil  of  solar  light  is  divided  into  two  pencils  on 
traversing  two  parallel  faces  of  the  rhomb.  The  absolute 
distance  between  the  centres  of  the  images  depends  on  the 
thickness  of  the  crystal 
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From  these  experimenU  it  is  evident  that  a  liiomb  of  spff 
crystal  gives  two  images,  but  that  in  some  positioss  tk 
pencil  of  liglit  does  not  divide ;  or  one  image  only  ii 
formed.  There  is  always  either  one  or  two  directions  ii 
which  the  division  does  not  take  place^  and  the  crystal  ii 
accordingly  said  to  have  one  or  iwo  axes.  These  partieok 
directions  arc  called  the  optical  axes  of  the  crystals ;  tkj 
have  always  a  symmetrical  arrangement  with  reference  to 
the  natural  faces  of  the  crystal.  It  appears  that  there  can- 
not exist  any  regular  crystals  which  have  more  than  tiro 
axes. 

2 18.  Ordinary  and  Extraordinary  /^oy.— The  two  rajs 
into  which  a  ray  of  light  is  generally  divided  by  a  douUjr 
refracting  substance^  possess  remarkable  and  distinct  kwi> 
which  we  shall  now  endeavour  to  render  intelligible. 

Let  the  accompanying  figure  represent  a  crystal  of  c«r- 
bonatc  of  lime.     The  larger  solid  angles  at  a  and  a'  are 


composed  of  three  obtuse  angles,  each  of  which  is  about 
101°  32',  and  the  line  joining  a  and  a'  is  called  the  axis  of 
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the  crystal.  If  a  ray  be  incident  on  the  face  a  b  c  d  in  a 
direction  parallel  to  this  imaginary  line^  it  is  not  separated 
into  two ;  in  all  other  cases  it  is.  Join  the  shorter  diago- 
nals A  c,  a'  c\  of  the  upper  and  lower  faces  of  the  crystal^ 
which  we  will  conceive  to  be  horizontal :  then  the  quadri- 
lateral AC  a'  c'  is  called  a  principal  section  or  plane  of  the 
crystal,  since  it  contains  the  axis ;  all  our  subsequent  obser- 
▼ations  must  be  confined  to  rays  incident  in  this  plane.  We 
have  already  said  that  if  a  ray  be  incident  on  this  face 
parallel  to  the  axis,  as  s  ly  it  will  not  be  doubly  refracted^ 
but  will  pass  through  the  crystal,  as  represented  hy  r  e* 
!Let  a  ray  be  incident  in  some  other  direction  in  the  princi- 
pal plane,  as  s  i.  This  ray  will  be  separated  into  two, 
namely,  i  o,  i  e.  If  the  ray  s  i  be  perpendicular  to  the 
&ce  A  B  c  D,  then  the  image  o  will  be  on  the  prolongation 
of  s  i^  as  in  ordinary  cases,  and  the  ray  i  e  will  be  refuted 
according  to  its  own  laws.  But  in  other  cases,  the  ordinary 
ray,  or  i  o,  is  refracted  according  to  the  laws  of  Descartes, 
that  is,  the  incident  and  refracted  rays  are  in  the  same 
plane,  and  the  sines  of  the  angles  of  incidence  and  refrac- 
tion are  to  each  other  in  a  constant  ratio.  In  this  case, 
that  is,  when  the  plane  of  incidence  is  a  principal  plane, 
the  extraordinary  ray  is  subject  to  the  first  of  these  laws^ 
but  not  to  the  second.  When  the  ray  is  not  incident  in  a 
principal  plane,  the  angle  of  refraction  of  the  extraordinary 
ray  does  not  lie  in  the  plane  of  incidence,  nor  is  its  sine 
in  a  constant  ratio  to  the  sine  of  the  angle  of  incidence. 
These  results  are  readily  verified  by  turning  the  crystal 
about  some  vertical  axis ;  the  extraordinary  image  will  re- 
volve about  the  ordinary  in  a  circle,  and  it  will  twice  lie  in 
the  plane  of  incidence,  which  will  be  the  case  when  this 
plane  coincides  with  the  principal  plane  of  the  crystal. 

249.  Properties  of  the  Rat/s.—'Let  two  similar  rhombs 
of  the  crystal  be  taken  ;  then  if  the  two  images  formed  by 
one  rhomb  be  viewed  by  the  other,  in  some  cases  there 
will  be  only  two,  in  others  four,  and  in  all  cases  the  pencils 
exhibit  most  remarkable  properties  as  regards  refraction 
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and  intensity  :  theie  we  shall  briefly  examine.  It  wiU  be 
convenient  to  suppose  that  we  are  looking  up  throu^  the 
lower  surface  of  the  lower  rhomb,  and  that  the  l^t  ii 
incident  on  the  upper  surface  of  the  upper  rhomb. 

1".  Let  the  second  rhomb  be  placed  on  the  other,  loi 
in  exactly  the  same  position,  that  ia,  havmg  all  aimilir 
sections  parallel  to  each  other.  In  this  case  there  will  Is 
but  two  rays ;  the  ordinary  ray  of  the  first  rhomb  will 
give  only  an  ordinary  ray  in  the  second,  and  the  extraorfi* 
nary  ray  only  an  extraordinary  ray.  This  will  be  seen  it 
once  by  stopping  each  of  the  pencils  suocessively  by  a  petf 
of  paper  between  the  rhombs. 

2".  Let  the  second  rhomb  be  placed  in  an  exactly  (^ 
site  ix)sition,  that  is,  let  it  be  turned  180°  from  its  pre- 
ceding position  ;  then  the  same  will  hold.  The  ordinvy 
ray  will  be  refracted  according  to  the  usual  laws,  and  the 
extraordinary  ray  will  follow  entirely  its  own  laws. 

In  the  two  preceding  instances  the  ordinary  ray  pro- 
duces only  an  onlinary  ray,  and  the  extraordinary  only  an 
extraordinary ;  there  is  no  farther  separation  of  the  li^ 
The  course  of  the  pencils  will  be  seen  at  once  by  the  accom- 
panying figures. 


The  figure  a  c  a'  c'  is  the  principal  section  of  the  figure 
in  the  preceding  article,  and  ac  dc  is  another  prindpil 
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i  section  of  a  crystal^  and  the  two  being  similarly  situated 
H  the  incident  ray  s  i  gives  rise  to  the  emergent  pencil  o  o, 
s  which  is  the  ordinary  ray  refracted  in  the  ordinary  manner, 
f  and  the  emergent  pencil  E  e,  which  is  the  extraordinary  ray 
I  refracted  in  the  extraordinary  manner.  The  second  figure 
f  represents  the  principal  planes  parallel  to  each  other,  but 
I  the  one  turned  180°  about  the  incident  ray,  so  that  their 
!  axes,  though  in  parallel  planes,  are  not  parallel  in  di- 
rection. 

3°.  Let  the  second  crystal  be  turned  round  90^ ;  then, 
the  ordinary  ray  produces  only  an  extraordinary  ray,  and 
the  extraordinary  ray  produces  only  an  ordinary  ray.  In 
the  preceding  cases  two  rays  only  have  been  produced. 

4**.  Let  the  second  rhomb  be  turned  through  45° ;  then 
each  ray  will  give  both  an  ordinary  and  an  extraordinary 
ray,  all  of  apparent  equal  intensity ;  so  that  there  are  in 
this  case  four  images. 

5^  Let  the  second  rhomb  be  in  any  other  position,  inter- 
mediate to  those  already  mentioned ;  there  will  always  be 
four  images ;  they  will  possess,  however,  very  different  in- 
tensities, brightening  up,  fading,  and  utterly  disappearing, 
as  the  rhomb  is  turned  round. 

From  these  phenomena  it  is  evident  that  the  pencils 
have  some  relation  to  the  relative  positions  of  the  crystals ; 
when  the  principal  planes  of  the  rhombs  coincide,  there  are 
but  two  images,  and  when  they  are  at  right  angles  there 
are  but  two ;  in  every  other  position  there  are  four ;  but 
what  is  most  remarkable,  these  properties  are  similar,  pro- 
vided we  suppose  one  pencil  to  be  turned  through  an  angle 
of  90^.  When  the  principal  planes  coincide,  the  ordinary 
ray  produces  only  an  ordinary  ray  (P  and  2°);  when  the 
principal  planes  are  at  right  angles  to  each  other,  the  extra- 
ordinary ray  produces  an  ordinary  ray,  and  the  ordinary 
ray  an  extraordinary  ray  (3°).  Thus  it  appears  that  the 
properties  of  the  pencils  have  relation  to  the  principal  plane 
of  the  crystal ;  that  whatever  properties  the  ordinary  ray 
may  possess  with  respect  to  that  plane,  the  extraordinary 


368  BIfSMBNTS  OF    PBT8IC0.  OBAF.X. 

ray  poftesset  the  same  properdei  with  respect  to  a  plane  it 
right  angles  to  the  preceding ;  for  each  acquires  die  pn^ 
perty  of  the  other  when  the  change  here  indicated  has  been 
made  in  the  position  of  this  plane. 

250.  PotariMotum.  —  From  the  preceding  article  its 
evident  that  the  properties  of  light  have  some  relsdoo  to 
the  planes  of  the  ciystal,  so  as  to  be  influenced  by  tfadr 
relative  positions.  Hence,  Newton  was  led  to  conceive  de 
idea  that  a  ray  of  light  has  sides  or  poles ^  that  is,  somedii* 
tinct  relation  to  surrounding  space.  '  For^*  says  he,* 
'  one  and  the  same  ray  is  here  refracted,  aometinies  sftei 
the  usual,  and  sometimes  after  the  unusual  nuumer,  accord- 
ing to  the  position  which  its  sides  have  to  the  crystals.  If 
the  side  of  the  ray  is  posited  the  same  way  to  boUi  cryBtak^ 
it  is  refracted  after  the  same  manner  in  them  both  ;  hot  if 
that  side  of  the  ray  which  looks  towards  the  coast  of  die 
unusual  refraction  of  the  first  ciystal  be  90  degrees  ftm 
that  side  of  the  same  ray  which  looks  towards  the  coast  d 
the  unusual  refraction  of  the  second  crystal  (which  may  be 
effected  by  varying  the  positoin  of  the  second  crystal  to  the 
first,  and  by  consequence  to  the  rays  of  light),  the  ray  ihsU 
be  refracted  after  several  manners  in  the  several  crystak 
There  is  nothing  more  required  to  determine  whether  the 
rays  of  light  which  fall  upon  the  second  crystal  shall  he  i^ 
fracted  liter  the  usual  or  after  the  unusual  manner,  hut  to 
turn  ahout  this  crystal,  so  that  the  coast  of  this  ray's  unusud 
re&action  may  be  on  this  or  on  that  side  of  the  ray.  And, 
therefore^  every  ray  may  be  considered  as  having  four  sides 
or  quarters ;  two  of  which,  opposite  to  one  another,  incline 
the  ray  to  be  refracted  after  the  unusual  manner,  as  often 
as  either  of  them  are  turned  towards  the  coast  of  unusual 
refraction ;  and  the  other  two,  whenever  either  of  them 
are  turned  towards  the  coast  of  unusual  refi:action,  do  not 
indine  it  to  be  otherwise  refracted  than  after  the  usual 
manner.' 

*  Optica,  Qusery  24. 
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The  preceding  remarkable  method  of  stating  the  phe- 
nomena has  given  rise  to  the  term  polarizaiion,  which  is, 
in  the  language  of  modem  science^  meant  to  express  the 
properties  which  each  ray  has  with  respect  to  particular 
planes.  The  ordinary  ray  has  properties  with  reference 
to  the  principal  plane :  this  fact  is  expressed^by  saying  that 
the  *  ordinary  ray  is  polarized  in  the  principal  plane  of  the 
crystal.'  The  extraordinary  ray  has  properties  with  refer- 
ence to  a  plane  at  right  angles  to  the  principal  plane:  this 
is  expressed  by  saying  that  the  '  extraordinary  ray  is  polar- 
ized in  a  plane  perpendicular  to  the  principal  plane  of  the 
crystal.' 

The  whole  series  of  experiments  on  this  subject  appear  to 
lead  to  the  supposition  that  polarization  is  not  an  alteration 
c£  the  properties  of  light,  but  that  common  light  is  of  such 
a  nature  that  it  may  be  separated  into  two  parts. 

It  does  not  appear  that  the  polarization  of  the  two  pencils 
is  the  effect  of  any  polarizing  force  residing  in  the  crystal, 
or  of  any  change  produced  in  the  nature  of  light.  The 
crystal  merely  separates  the  common  light  into  two  ele- 
ments^ just  as  a  prism  separates  all  the  seven  colours  of  the 
spectrum,  by  its  power  of  refracting  these  colours  in  dif- 
ferent degrees.  The  reunion  of  two  oppositely  polari^d 
pencils  produces  common  light  in  the  same  manner  as  the 
reunion  of  the  colours  of  the  spectrum  produces  white 
light 

The  easiest  method  of  producing  polarized  light  is  by 
transmitting  common  light  through  a  piece  of  Iceland  spar, 
and  a  given  pencil  will  fiimish  a  stronger  polarized  pencil 
in  this  than  in  any  other  manner.  But  it  may  also  be 
produced  by  reflexion  at  unsilvered  glass,  or  at  any  par- 
tially reflecting  surface,  as  we  shall  proceed  to  explain. 

251.  Polarizaiion  by  reflexion. — The  preceding  phe- 
nomena having  led  Newton  to  assert  that  light  acquired 
sides  or  poles  by  the  refraction  of  particular  substances, 
have  acquired  double  interest  from  the  fact,  that  the  same 
properties  may  be  communicated  to  b'ght  by  reflexion.     In 
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the  year  1 810,  Malus,  while  locking  through  a  prism  cf  cd- 
careous  spar  at  the  light  of  the  setting  sun,  reflected  frei 
the  windows  of  the  Luzemhourg,  at  Paris,  observed,  oi 
tunuDg  the  prism  rounds  considerable  difierenoe  in  the  ii- 
tensity  of  the  two  imagetu 

From  this  he  was  led  to  other  experiments,  and  fboni 
that  a  pencil  of  light  reflected  from  glass  at  an  angle  of  56*, 
or  from  water  at  an  angle  of  52®  45\  possesses  the  Teiy 
same  properties  as  one  of  the  pencils  formed  by  a  rhomb  d. 
spar.  Thus  was  a  connexion  detected  between  the  mys- 
terious phenomenon  of  douUe  refraction  and  the  ordinaij 
modifications  of  light,  which  has  given  rise  to  new  and 
startling  speculations  respecting  the  nature  of  light,  and 
promises  to  place  this  branch  among  the  most  perfect  of  the 
physical  sciences.  At  the  time  of  this  discovery  of  MaluSi 
the  system  of  emission  was  generally  adopted ;  there  W0 
nothing  in  optics  but  luminous  particles  endued  with  dif- 
ferent fits  and  different  properties;  all  the  particles expen- 
ence  the  same  effects  when  they  have  been  reflected  at 
glass  under  a  certain  angle;  they  were  all  supposed  to  be 
turned  in  the  same  manner,  and  consequently,  to  have  tlieB 
axes  of  rotation,  or  the  poles  about  which  their  motioni 
could  take  place,  under  certain  influences.  Hence^  as  we 
have  seen,  arose  the  term  polarization,  which  indicatsd 
that  their  poles  are  arranged  or  directed  in  the  same  mm- 
ner  for  all  the  particles. 

The  pencil  so  reflected  possesses  the  following  chanc- 
teristic  properties  : 

P.  It  only  gives  one  image  after  transmission  through  a 
doubly  refracting  prism,  when  the  principal  section  of  this 
prism  is  parallel  or  perpendicular  to  the  plane  of  reflexioD; 
but  in  all  other  positions  there  are  two  other  images  of 
greater  or  less  intensity. 

2''.  It  is  incapable  of  being  reflected  at  the  surface  of  a 
second  glass  mirror  at  the  same  angle  of  incidence^  when 
the  plane  of  incidence  on  the  second  mirror  is  perpendicular 
to  the  plane  of  incidence  on  the  first ;  but  it  is  partially 
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reflected  in  all  other  positions  of  the  planes^  and  at  all 
^   Other  angles  of  incidence. 

I        3°.  It  is  incapable  of  being  transmitted  through  a  plate 
.     of  tourmaline  in  some  positions  of  the  plate ;  but  it  is  par- 
tially transmitted  in  others. 

The  preceding  phenomena  will  be  observed  by  an  appa- 
ratus such  as  is  represented  in  the  accompanying  figure. 


A  plate  of  glass  is  blackened  at  its  posterior  surface  to 
prevent  reflexion  there ;  and  so  placed  thai  a  ray  s  i  of 
light  incident  at  an  angle  of  56^  may  be  reflected  hori- 
zontally^ and  received  on  another  glass  surface  b,  above 
which  an  eye  e  is  placed^  so  as  to  receive  the  reflected 
light.    If  now  the  ray  i  r^  so  reflected  at  a,  be  received  on 
a  crystal  of  Iceland   spar^  there  will  only  be  one  image 
formed  when  the  plane  of  incidence  is  coincident  or  per- 
pendicular to  the  principal  plane  of  the  crystal;  in  all  other 
cases  there  will  be  two  images.     But  suppose  the  ray  i  R 
to  be  incident  on  the  second  surface  B,  at  an  angle  of  5&*, 
and  that  the  plane  of  incidence  of  this  surface  is  perpendi- 
cular to  the  plane  of  incidence  at  the  former,  then  the 
eye  at  e  will  receive  no  light ;  the  ray  is  extinguished,  or 
it  is  incapable  of  reflexion,  the  angles  of  incidence  having 
this  value,  and  their  planes  being  at  right  angles  to  each 
other.    But  if  the  reflecting  plate  b  be  turned  through  90®, 
so  that  the  planes  of  incidence  and  reflexion  are  parallel  to 
each  other,  then  the  light  will  be  vividly  reflected.    And 
in  all  other  cases,  that  is,  for  all  values  for  the  angle  of  in- 
cidence on  the  second  surface,  besides  that  of  56** ^  and  for 
all  other  relative  positions  of  the  planes  of  inddenoe,  besides 
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that  in  whicb  they  are  peipendicalar  to  eadi  other,  there 
will  be  some  reflexion ;  more  or  leas  light  will  come  to  tk 
eye.  If  a  plate  of  tourmaline^  aa  represented  at  D^be  into- 
posed  in  the  path  of  the  ray,  the  light  will  sometimes  be 
wholly  extinguished.  This  takes  place  when  the  axis  of 
the  tourmaline  is  parallel  to  the  plane  of  reflexion ;  tbe 
plate  being  turned  round,  so  as  to  bring  its  axis  into  some 
other  position,  a  portion  of  the  light  is  transmitted;  and 
when  the  axis  becomes  perpendicular  to  the  plane  of  re- 
flexion^ the  whole  light  can  pass. 

Such  are  the  general  properties  of  a  pencil  of  ^duM 
light;  any  one  of  the  preceding  laws  obtaining,  theotber 
two  will  obtain  also;  hence  we  can  at  once  ascertain  whediff 
a  ray  is  polarised  or  not,  by  obserying*  it  throu^  a  plate  rf 
tourmaline,  or  a  doubly  refracting  cryatal.  These  phe- 
nomena take  place  whatever  be  the  reflecting  surface;  de 
polished  surface  of  a  mahogany  table  will  answer  extroself 
well  for  the  production  of  polarised  light.  The  identitf, 
then,  of  the  phenomena  exhibited  by  light  thus  refleetei 
with  the  ordinary  ray  of  a  crystal  of  carbonate  of  lime,  the 
principal  plane  of  the  crjrstal  being  parallel  to  the  plane  of 
incidence  and  reflexion,  leads  us  to  refer  them  to  the  siine 
cause ;  hence,  the  reflected  light  is  said  to  be  polarised  in 
the  plane  of  reflexion.  But  it  is  frequently  necessary  to 
examine  the  properties  of  a  polarised  pencil  whose  origin  is 
not  known ;  we  must,  therefore,  have  some  means  of  re- 
cognising the  plane  of  polarization.  This  can  readily  be 
effected  by  the  plate  of  tourmaline.  When  the  ray  is  ex- 
tinguished by  incidence  on  the  tourmaline,  its  plane  of 
polarization  is  parallel  to  the  axis  of  the  tourmaline  *  but 
when,  on  the  contrary,  the  ray  is  transmitted  with  its  maxi- 
mum intensity,  its  plane  of  polarization  is  perpendicular  to 
the  axis  of  the  tourmaline. 
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Section  IX. 


OK    THE    UNDULATOET   THEOET. 


!252.  In  the  phenomena  of  light,  as  in  those  of  sound,  we 
foust  distinguish  between  the  impressions  received  on  our 
organs  and  the  phTsical  cause  of  those  impressions.     These 
two  things,  in  reality  most  distinct,  are  frequently  con- 
funded ;  in  saying,  for  example,  that  there  is  sound  for 
the  deaf,  and  light  for  the  Uind,  an  incontestable  physical 
£»ct  is  enunciated,  but  yet  one  which  is  apparently  para- 
doxical, because,  in  ordinary  language,  the  words  sound 
and  light  mean  the  sensation  which  is  produced  in  us.     In 
the  language  of  science  sound  is  the  vibration  of  ponderable 
matter,  and  light  is  the  vibration  of  ether,  which  is  an  im- 
ponderable matter  or  substance.     Thus  li^t  exists  without 
us ;  it  is  a  movement  subject  to  certdn  conditions.     This 
being  supposed,  it  is  evident  that  wherever  there  is  light 
there  is  ether;  hence  ether  pervades  all  space.     It  exists 
between  the  sun  and  the  earth,  among  all  the  bodies  of 
our  planetary  system,  and  in  the  infinite  space  which  sepa- 
rates us  and  the  most  distant  stars ;  for  there  is  no  part  of 
this  immense  extent  which  is  not,  at  each  instant,  traversed 
by  innumerable  rays  of  light.     And  not  only  in  the  ex- 
panse of  heaven  does  this  ether  exist — ^it  penetrates  all 
bodies,  filling  the  spaces  between  their  ponderable  atoms. 
If  the  ether  does  not  exist  throughout  the  whole  extent  of 
the  atmosphere,  the  light  of  the  stars  could  never  reach 
us ;  if  it  does  not  exist  in  water,  glass,  diamond,  and  other 
transparent  bodies,  the  waves  of  light  could  not  traverse 
them ;  lastly,  if  it  does  not  exist  in  the  intervals  which 
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separate  the  atoms  of  our  material  envelope,  li^t  owU 
not  affect  us,  the  undulations  would  never  pass  throng 
the  humours  of  the  eye  to  the  nervous  expanse  of  the 
retina^  the  utmost  point  to  which  our  powers  can  foUow  it 
All  opaque  bodies  also  are  full  of  ether^  ainee  they  become 
transparent  when  reduced  to  a  sufficient  thinness. 

Thus  the  system  of  undulations  compels  us  to  admit 
the  existence  of  a  matter,  or  rather  of  a  aabstance,  in  the 
midst  of  whieh  are  scattered  about,  subject  to  invamUe 
laws,  the  various  kinds  of  ponderable  matter  which  cooiti* 
tutes  the  universe.  Nevertheless*  though  the  ether  exirti 
every  where,  it  is  not  always  identical  with  itself.  Itii 
probable  that  in  the  void  of  the  celestial  spaces,  as  in  the 
void  which  can  be  produced  by  our  machines,  there  is  do 
difference  in  the  distribution  of  this  substance,  and  con- 
sequently, no  difference  in  the  passage  of  light,  fiat  m 
the  interior  of  bodies  light  moves  differently,  the  undula- 
tions change  in  velocity  and  length,  consequently  the  ether 
has  different  elasticities.  It  appears,  also,  from  the  ex- 
periments of  polariaation,  that  in  most  crystalline  bodieB 
the  elasticity  of  the  ether  is  not  the  same  in  all  directioni. 

The  conception  of  the  existence  of  this  ether  is  somewhst 
difficult,  since  all  the  reasoning  we  have  respecting  it  is  sb 
exercise  of  pure  intellect  unassisted  by  our  external  senses. 
In  the  production  of  sound,  or  in  reasonings  respecting 
other  elastic  fluids,  as  air,  steam  vapour,  we  have  evidence 
from  our  senses  of  the  existence  of  something  to  which  we 
attribute  these  properties — ^we  are  conscious  of  their  effiscts 
in  diverse  ways;  but  in  reasoning  with  respect  to  the 
ether  we  must  resign  ourselves  entirely  to  faith  in  what 
our  own  intellect  has  created,  and  if  the  properties  with 
which  we  invest  this  imaginary  substance  would  give  rise 
to  phenomena  of  whose  existence  our  senses  assure  us, 
then  we  are  compelled  to  believe  the  veritable  existence  of 
this  substance  ether.  But  it  is  to  be  remarked,  that  the 
first  conception  of  this  substance  on  which  the  existence 
of  the  undulatory  theory  depends,  is  in  no  respect  more 
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difficult  than  the  first  conceptions  on  which  the  theory 
of  emission  depends;  and  when  the  difficulties  hesetting 
the  conceptions  of  an  undulation  have  heen  removed,  it  is 
in  every  respect  most  simple.  How  can  we  conceive 
the  transfer  of  particles  of  the  astonishing  velocity  and 
minuteness  which  the  theory  of  emission  supposes  ?  We 
have  seen  that  their  velocity  is  inconceivahly  greater  than 
any  other  motion  of  translation  with  which  we  are  ac- 
quainted ;  whence  the  incessant  supply  of  particles  ?  What 
becomes  of  them  when  they  have  once  fulfilled  their 
appointed  end,  by  creating  the  mental  sensation?  The 
existence  of  ether  is  not  so  difficult  of  conception  as  the 
existence  of  these  independent  particles.  In  both  cases 
we  have  to  suppose  the  existence  of  a  substance;  then, 
since  we  are  compelled  to  believe  that  where  there  is  light 
there  is  motion,  the  question  is,  what  is  the  nature  of  this 
motion  ?  Is  it  one  of  translation  or  of  vibration  ?  The 
motion  of  translation  h,  as  we  have  already  seen  (Art.  198), 
almost  inconceivable,  but  the  motion  of  vibration  is  in 
strict  conformity  with  other  motions  of  the  same  kind;  it  is 
precisely  such  as  must  take  place  in  an  elastic  medium. 
When  an  elastic  medium  is  disturbed  every  portion  par- 
ticipates in  that  disturbance  almost  instantaneously,  and  the 
rate  at  which  this  disturbance  is  transmitted,  or  the  velocity 
of  transmission,  is  in  the  present  instance  the  velocity  of 
light. 

In  the  reflexion  of  light  on  the  emission  theory  it  is  quite 
inconceivable  how  such  enormous  velocities  can  be  destroyed 
instantaneously.  We  know  that  when  the  time  is  short 
the  force  exerted  must  be  very  great  (Art.  37) ,  and  since 
the  destruction  of  all  velocities  requires  time,  it  is  incredible 
that  such  velocities  can  be  destroyed  in  so  short  a  time. 
Again,  in  the  phenomena  of  refraction  it  is  necessary  to 
suppose,  on  the  emission  theory,  that  the  light  moves  faster 
within  the  denser  medium  than  without  it,  whereas  on 
the  undulatory  theory  it  appears  that  the  waves  diverge 
more  slowly  in  dense  media  than  in  others.    The  latter 
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liTpothesis  is  certainly  more  conformable  to  the  anal(^  of 
nature  than  the  former.  A  doubt  has  existed  in  the  minds 
of  some  respecting  the  truth  of  this  theory  from  conader- 
ing  the  extraordinary  facts  which  present  themselves  in 
speaking  of  the  number  of  undulations  in  a  second  of  tim^ 
or  an  inch  of  space,  as  is  exhibited  by  Herschel  in  the 
following  table. 


Colourt  of  the  Spectrum. 

LenettM  of  an  Uii*  Number   of 
duladon  in  puts      Undalations 
of  an  Inch.               in  aa  Inch. 

Number  of  Cndolatioa* 
in  a  Second. 

Extreme  red    

Red 

0  0000266 
0  0000256 
0  0000246 
0  0000240 
0-0000235 
0  0000227 
00000219 
0  0000211 
0  0000203 
0-0000196 
0  0000189 
00000185 
00000181 
0  0000174 
0-0000167 

37640 
39180 
40720 
41610 
42510 
44000 
45600 
47460 
49320 
51110 
52910 
54070 
55240 
57490 
59750 

458,000000,000000 
477,000000,000000 
495,000000,000000 
506,000000,000000 
517,000000,000000 
535,000000,000000 
555,000000,000000 
577,000000,000000 
600,000000,000000 
622,000000,000000 
644  000000,000000 
658,000000,000000 
672.000000,000000 
699,000000,000000 
727,000000,000000 

Intermediate    

Orange 

Intermediate 

Yellow 

Intermediate 

Green 

Intermediate    . . . .  ^ . . . 

Blue.. 

Intermediate  .  r  - , .  -  t  r . 

Indiffo 

Intermediate 

Violet 

Extreme  violet 

But  we  may  remark  that  whatever  theory  of  light  we 
adopt,  these  periods  and  these  spaces  have  a  real  existence^ 
being  in  fact  deduced  by  Newton  from  direct  measurement, 
and  involving  nothing  hypotlietical  but  the  names,  here 
given  them. 

253.  Nature  of  Light, — ^Light,  then,  according  to  the 
preceding  theory^  consists  of  the  undulations  excited  in  tbe 
elastic  medium,  which  we  have  called  ether  ;  these  regular 
vibratory  motions  being  propagated  equally  in  all  direc- 
tions^ the  ether  is  disturbed  all  round  the  source  of  light; 
hence  the  series  of  condensations  and  rarefactions,  which 
are  the  necessary  consequence  of  this  oscillatory  motioiiy 
give  rise  to  what  are  termed  the  waves  of  light.  These 
waves  or  disturbances  being  propagated  onwards  affect  the 
retina,  and  thus  cause  the  sensation  of  lights  just  as  we 
have  already  seen  in  the  production  and  propagation  of 
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sound.  Every  luminous  point  then  is  surrounded  at  every 
instant  with  an  infinite  number  of  similar  concentric 
surfaces,  in  any  one  of  which  the  particles  are  in  a  similar 
state  as  to  rest  or  motion^  but  in  a  very  different  state  in 
different  surfaces.  The  remarks  which  have  been  already 
made  on  the  analogous  case  of  the  divergence  and  decay  of 
sound,  will  shew  us  how  the  intensity  of  light  will 
diminish  as  we  recede  from  the  origin^  in  consequence  of 
the  smaller  motion  of  vibration,  which  will  be  communi- 
cated to  the  particles  of  the  ether. 

The  direction  of  a  ray  of  light,  on  the  undulatory  theory, 
will  be  the  direction  of  the  wave's  motion,  that  is,  it  is 
the  line  perpendicular  to  the  front  of  the  spherical  wave  in 
which  the  light  is  propagated.  Since  from  a  point  of  light, 
as  a  centre,  every  straight  line  is  perpendicular  to  every 
portion  of  the  wave  of  light,  we  see  that  light  is  propa-' 
gated  in  straight  lines,  and  in  every  direction.  Different 
colours  are  produced  by  wav^s  whose  lengths  are  different ; 
the  wave  being  longest  for  the  red  rays  and  shortest  for 
the  violet.  The  analogy  betwixt  sound  and  light  is  very 
remarkable;  the  pitch  of  a  sound  depends  (Art.  132)  on 
the  rapidity  of  vibration  of  the  particles  of  air;  in  the 
theory  of  light  colour  will  depend  on  the  rapidity  of  the 
vibrations  of  the  particles  of  ether,  and  intensity  on  the 
extent  or  magnitude  of  the  vibrations  of  the  particles; 
stillness  and  darkness  are  equally  the  consequence  of  the 
rest  of  the  medium.  Every  portion  of  a  large  wave  of 
light  may  be  taken  separately  from  the  rest,  and^  con- 
sidered as  the  origin  of  a  new  little  wave  diverging  from 
it.  This  is  the  most  important  principle  in  the  undu- 
latory theory ;  whenever  any  portion  of  a  wave  is  inter- 
rupted by  any  obstacle,  it  may  be  considered  as  the  origin 
of  a  fresh  spherical  wave,  diverging  in  every  direction. 

AJbcus  on  the  undulatory  theory  is  the  point  at  which  all 
the  small  parts  of  a  wave  unite  after  reflexion  or  refracdpn; 
this  point  becomes  the  origin  of  a  fresh  series  of  sphcfrical 
waves  which  diverge  in  every  direction,  precisely  in  th^ 
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same  manner  as  from  the  luminoos^XKly.  Thus  the  image 
of  the  sun  formed  hy  a  lens  will  excite  undulations  in 
exactly  the  same  manner  as  a  luminous  body  in  the  same 
situation. 

254.  Interference  an  immediaie  consequence  of  the 
theory  o/ undulations. — The  vibrations  of  the  particles  of 
an  elastic  medium  constituting  light,  it  must  happen  that 
the  motions  of  the  particles  in  one-half  of  the  wave  are 
exactly  in  the  opposite  direction  to  those  in  the  other  half. 
Now  we  can  suppose  that  two  waves  may  be  combined  so 
that  the  motions  of  the  particles  may  conspire  together,  or 
destroy  each  other ;  this  is  what  takes  place  in  the  inter- 
ference of  light.  Two  waves  which  start  from  two  dif- 
ferent sources  may  be  so  related  that  they  may  conspire  to 
augment  or  diminish  the  vibrations  oi  the  ether.  The  way 
in  which  one  wave  interferes  with  another  maj  be  well 
illustrated  by  waves  in  a  liquid;  suppose  that  there  are 
two  liquids,  as  oil  floating  above  water,  and  that  a  dis- 
turbance producing  an  undulation,  that  is,  an  elevation 
and  depression  of  the  surface,  is  excited  in  each*  Then  if 
the  undulation  be  such  that  the  crest  of  the  wave  of  oil  is 
exactly  superposed  on  the  crest  of  the  wave  of  water, 
there  will  be  a  double  elevation,  and  similarly  a  double 
depression.  Here  one  wave  is  added  to  the  other  so  as  to 
double  the  effect,  supposing  the  two  waves  to  be  equal. 
But  suppose  that  the  crest  of  the  wave  on  the  oil  is  exactly 
over  the  hollow  of  the  wave  in  the  water;  that  is,  the  dis- 
turbance being  equal,  suppose  that  the  oil  wave  is  half  a 
wave  either  before  or  behind  the  water  wave ;  then  there 
will  be  no  undulation  on  the  surface,  one  wave  has  inter- 
fered with  the  other  so  as  to  produce  perfect  rest;  the 
surface  of  the  upper  fluid  instead  of  being  undulated  will 
be  level.  A  similar  interference  of  the  waves  may  take 
place  in  the  propagation  of  light ;  whatever  is  the  nature 
of  the  vibration  it  will  happen  that  the  waves  of  light  in 
crossing  each  other,  or  in  being  superposed,  may  so  inter- 
fere as  to  augment  the  motion  of  the  particles  at  some 
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points,  and  destroy  them  at  others;  the  consequence  of 
which  will  be  that  the  intensity  of  the  light  will  be  in- 
creased at  some  points^  and  diminished,  or  absolutely 
destroyed,  at  others.  When  one  wave,  in  advance  of 
another  by  a  distance  equal  to  the  length  of  one,  two,  &c. 
waves,  is  superposed  on  the  other  wave,  the  motions  con- 
spire, and  the  wave  is  doubled;  but  if  it  is  in  advance  only 
by  a  distance  equal  to  the  length  of  half  a  wave,  or  one 
and  a  half,  &c.  the  motions  are  opposed,  and  ther^  is 
absolute  rest  or  darkness. 

Thus  the  principle  of  interferences  is  a  necessary  con- 
sequence of  the  system  of  undulations,  and  it  is  impossible 
to  conceive  any  other  hypothesis  which  will  serve  to  ex- 
plain the  phenomena.  It  is  quite  certain  from  the  experi- 
ment with  the  mirrors  which  we  have  detailed  (Art.  241), 
that  one  portion  of  light  may  be  so  added  to  another  portion 
as  to  produce  absolute  darkness.  It  is  also  certain,  that 
whenever  this  takes  place  one  portion  of  the  light  has 
travelled  some  odd  multiple  of  a  certain  quantity  more  or 
less  than  the  other  (Art.  241);  that  is,  one  wave  is  in 
advance  of  the  other  by  some  odd  multiple  of  half  the 
length  of  the  wave.  If  now  according  to  the  properties  of 
undulations,  one  wave  be  one-half,  or  any  odd  multiple  of 
one-half,  before  another,  there  will  be  absolute  rest.  But, 
on  the  contrary,  if  one  wave  be  any  even  multiple  of  half 
a  wave,  that  is,  a  whole  wave  or  two  whole  waves 
before  another,  then  the  motions  conspire,  the  effects  are 
added  so  as  to  increase  the  disturbance. 

255.  Theory  of  Reflexion  and  Refraction, — The  theory 
of  undulations  having  been  shewn  in  /the  preceding  article 
to  lead  necessarily  to  the  phenomena  of  interference — facts 
so  utterly  inexplicable  on  any  theory  of  emission — we  shall 
endeavour  briefly  to  point  out  the  explanation  which  this 
theory  furnishes  of  reflexion  and  refraction,  phenomena 
scarcely  less  inexplicable  than  those  of  interference  on  any 
theory  of  emission.  When  a  wave  of  light  meets  with 
any  surface  its  progress  is  arrested,  in  some  cases  almost 
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entirely,  in  others  only  partially.  Each  pcnnt  of  the  wave, 
as  it  comes  in  contact  with  the  surface,  may  be  supposed  to 
be  the  origin  of  a  fresh  series  of  waves.  The  way  in 
which  these  fresh  waves  diverge  so  as  to  cause  the  pheno- 
mena of  reflexion  and  refraction  is  the  point  to  be  explained. 

Suppose  that  L  i  is  any  ray 
of  a  wave  of  light  which  is 
advancing  towards  the  sur- 
face A  B*  Let  the  surface  be 
reflecting;  then  the  point  i 
becoming  the  origin  of  a  fresh 
series  of  waves,  the  light 
which,  had  there  been  no  oh- 
structing  surface,  would  have  ^  *   ^ 

reached  the  point  /,  will  have  diverged  in  a  spherical  form, 
the  radius  of  the  sphere  being  equal  to  i  /.  Hence  taking 
1  B  =  I  /  the  light  will  be  at  B  instead  of  at  /•  Let  us 
consider  any  other  ray,  as  l'  i'.  This  not  having  reached 
the  surface  so  soon  as  li,  will  not  have  diverged  so  far; 
but  taking  ib!=sj'1\  we  may  suppose  the  light  which 
would  have  been  at  i'  as  at  r'.  Similarly,  by  considering 
all  the  waves  created  by  the  points  of  the  surface,  we  shaU 
have  a  line  touching  the  front  of  all  of  them,  which  will 
represent  the  position  of  the  front  of  the  wave,  and  a  line 
perpendicular  to  this  will  be  the  direction  in  which  the 
reflected  wave  is  advancing.  Instead  therefore  of  having  a 
wave  whose  front  is  o  /'  /,  advancing  in  the  direction  Lii, 
we  have  a  wave  whose  front  is  R  r',  advancing  in  the 
direction  i  r  ;  and  the  simplest  geometrical  construction 
will  shew  that  the  directions  l  i,  i  a,  are  inclined  at  equal 
angles  to  the  perpendicular  at  the  point  i.  The  wave  then 
is  reflected  so  that  the  angles  of  incidence  and  reflexion  are 
equal. 

The  preceding  result  is  founded  on  the  hypothesis,  that 
the  waves  diverge  with  the  same  velocity  in  every  direction 
in  air.  But  when  the  surface  is  a  refracting  and  not  a 
reflecting  surface,  the  wave  within  the  refracting  medium 
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is  supposed  to  diverge  with  less  velocity  than  in  air ;  we 
shall  briefly  trace  the  consequence  of  this  hypothesis. 

Let  the  surface  a  b  be  refracting.  The  wave  from  the  ray 
h  I  which  enters  will,  instead  of  reaching  L  in  a  given  time^ 
only  reach  r ;  the  wave  from  l'  i'  will  only  reach  r' :  and 
similarly  for  the  rest.  Thus  the  front  of  the  wave^  in- 
stead of  being  at  a  given  instant  represented  by  d  /'  /,  will 
be  represented  by  d  r^  r;  and  drawing  the  perpendicular 
upon  it,  it  will  be  moving  in  the  direction  i  e  instead  of 
in  the  direction  i  /;  that  is,  the  direction  of  the  refracted 
ray  lies  nearer  the  normal  than  the  direction  of  the  inci- 
dent ray.  And  the  simplest  geometrical  construction 
would  shew  that  these  directions  are  related  to  each  other 
according  to  the  ordina^  law  of  refraction  (Art.  207] . 

Such  then  are  the  consequences  of  the  incidence  of  a 
wave  of  light  on  a  surface  opposing  its  motion ;  whether 
the  surface  be  reflecting  or  refracting,  the  ordinary  laws  of 
the  resulting  phenomena  may  be  deduced  in  a  very  simple 
manner  from  the  theory  of  undulations.  It  will  be  im- 
possible here  to  dwell  on  the  explanation  which  may  be 
furnished  of  the  phenomenon  of  refraction  being  always 
accompanied  by  reflexion;  of  the  phenomena  of  double 
refraction  as  the  consequence  of  the  difierent  velocities 
with  which  the  waves  diverge  in  difierent  directions,  owing 
to  the  difierent  elasticities  of  the  medium ;  of  the  pheno- 
mena of  polarization,  considered  as  the  resolution  of  vibra- 
tions, and  of  the  production  of  fringes,  shadows,  and 
spectra ;  phenomena  which,  to  use  the  words  of  Herschel, 
are  so  singular  and  various,  that  to  one  who  has  only 
studied  the  common  branches  of  physical  optics  it  is  like 
entering  into  a  new  world,  so  splendid  as  to  render  it  one 
of  the  most  delightful  branches  of  experimental  inquiry,  so 
fertile  in  the  views  it  lays  open  of  the  constitution  of 
natural  bodies,  and  the  minuter  mechanism  of  the  universe, 
as  to  place  it  in  the  very  first  rank  of  physico-mathematical 
sciences,  which  it  maintains  by  the  rigorous  application  of 
geometrical  reasoning  its  nature  admits  and  requires. 


382  BLBMENT8  OF  PHT8IC8.  CHAP.  X. 

In  conclusion^  a  few  words  must  be  added  on  an  objec- 
tion wbich  was  supposed  to  be  condusive  against  the  un- 
dulatory  theory  of  light.     It  was  objected^  that  if  light  be 
an  undulation,  as  sound  is,  then  ought  light  to  spread  in 
the  same  manner  as  sound.     That  is,  the  light  entering 
from  a  luminous  point  through  a  small  hole  ought  to 
illumine  the  whole  room  nearly  equally,  and  not  illumine 
one  single  spot  nearly  opposite  to  it ;  that  it  ought,  like 
sound  coming  through  the  same  hole,  to  spread  in  every 
direction.    Now  it  may  be  assumed  as  an  experimental  fact 
that  the  lengths  of  the  waves  of  light  are  much  less  than 
the  aperture   (Art.  252) ;    the  mathematical  investigation 
for  the  intensity  of  a  disturbance  at  any  point  on  the  theory 
of  undulations  shews,  that  whenever  the  waves  are  much 
smaller  in  length  than  the  diameter  of  the  aperture  the 
disturbance  must  be  insensible,  excepting  in  front  of  the 
aperture;   the  lengths  of  the  waves  of  light   are  mudi 
smaller,  and  the  light  ought  consequently  to  be,  and  is, 
nearly  insensible,  excepting  in  front  of  the  hole.     This 
capital  objection  to  the  undulatory  theory  of  light  may, 
consequently,  be  considered  as  entirely  set  aside. 
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CHAP.  XL 

OS  ELECTRICITY,  GALVANISM,  AND  MA6NETISS1 


Section  I. 

ON     ZLECTRICITT TWO    SPECIES    OF    XLECTEICITY XLBCTROSCOPES — 

ELECTRICITY  BT  INFLUENCE DISTRIBUTION  OF  ELSCTJUCITT — LETSKN 

JAR ELECTRIC    LIGHT. 

256.  The  branch  of  physics  on  which  we  are  now  about 
to  enter  occupies  a  most  conspicuous  place  in  modem 
science.  Its .  existence  as  a  science  was  scarce  suspected 
before  the  beginning  of  the  last  century ;  but  since  that 
period  it  has  been  prosecuted  with  unabated  ardour^  and 
promises  to  unfold  to  us  many  of  the  most  obscure  and 
hitherto  inexplicable  operations  of  nature.  Thales*  appears 
to  have  studied  some  of  the  phenomena  of  magnetism,  but 
Gilbertf  having  observed  the  peculiar  phenomena  pre- 
sented by  amber^  the  Greek  name  for  this  substance  gave 
rise  most  naturally  to  the  term  electricity. 

In  examining  the  properties  of  bodies,  there  are  some 
apparently  so  inseparable  from  them,  or  essential  to  their 
existence,  that  we  cannot  conceive  their  existence  indepen- 
dently of  these  properties.  Thus,  all  matter  is  supposed 
to  have  impenetrability,  extension,  weight.  There  are^ 
however,  other  properties,  which  do  not  at  first  sight  appear 

•  B.  C.  600,  t  A.  D.  1600. 
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to  be  80  essential  to  the  existence  of  bodies :  thus  we  migLt 
conceive  bodies  without  heat^  for  this  appears  to  have  re- 
ference to  the  particular  state  in  which  a  body  exists,  as 
solid,  liquid^  or  gaseous ;  and  simikdy  we  shall  find  that 
electridtj  is  of  the  same  character*  It  is  generally  laid 
down,  that  no  bodies  are  absolutely  devoid  of  heat,  since 
all  appear  to  be  capable  of  parting  with  some;  it  is 
equally  true,  that  no  bodies  are  devoid  of  electricity,  sace 
all  may  be  made  to  exhibit  signs  of  it ;  they  may  be  put 
into  a  state  capable  of  exhibiting  the  phenomena. 

257.  Phenomena. — The  characteristic  phenomena  of  die 
science  of  electricity  are  the  mutual  attractions  and  repul- 
sions which  some  bodies  exhibit  under  peculiar  circum- 
stances. We  know  perfectly  well  that  substances  in  tlior 
natural  state  have  no  peculiar  property  of  attracting  or 
of  repelling  small  fragments  of  gold  leaf,  tinsel^  saw-dust, 
elder  pith,  feathers,  or  any  other  li^t  substance,  whatever 
its  nature ;  but  if  a  tube  of  glass,  as  a  vial  or  a  wine-glass, 
a  roll  of  sulphur,  a  piece  of  sealing-wax,  amber,  or  any 
resinous  substance,  be  rubbed  with  woollen  cloth  or  aXk, 
it  immediately  acquires  these  properties;  all  light  sub- 
stances are  attracted  by  it,  and  this  attraction  is  so  veiy 
powerful,  that  a  light  substance  will  rise  many  inchosi  or 
even  a  foot,  to  attach  itself  to  the  surface  of  the  attracting 
body.  To  the  cause  of  this  phenomenon  the  term  electricity 
is  assigned,  since,  as  we  have  already  stated,  amber  vas 
the  substance  in  which  the  phenomena  were  first  observed. 
These  attractions  are  not  destroyed  or  interfered  with  by 
the  interposition  of  any  body ;  and  since  their  intensity  de- 
pends on  the  extent  of  the  surface,  and  the  force  with  whidi 
it  is  rubbed,  various  contrivances,  called  electrical  machines, 
the  construction  of  which  is  well  known,  are  employed  for 
the  production  of  the  phenomena  in  a  striking  and  conveni- 
ent manner.  Some  of  the  light  substances  adhere  to  the 
substance  which  has  been  rubbed,  or  the  excited  hody^  as  it 
is  termed ;  others  are  repelled  immediately  after  contact. 
The  rapidity  with  which  bodies  rush  from  a  distance  to  the 
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electrified  body  depends  on  tlie  degree  to  which  it  has  been 
excited ;  and  the  fact  that  some  adhere  to  it^  others  on 
coming  in  contact  with  it  are  immediately  repelled^  is  one 
of  the  phenomena  which  particularly  deserves  notice ;  of 
this  any  one  may  satisfy  himself  by  a  stick  of  sealing  wav, 
and  a  few  strips  of  the  feather  of  a  pen.  If  the  excited 
body  be  brought  near  the  face,  a  sensation  is  experienced 
similar  to  that  produced  by  the  contact  of  a  cobweb ;  when 
sufficiently  excited,  and  touched  by  the  knuckle  or  a  me- 
tallic ball,  there  is  a  slight  crack,  and  a  spark  passes  into 
the  body  presented  to  it.  When  the  experiment  is  per« 
formed  in  the  dark,  the  spark  becomes  vivid,  and  is  accom- 
panied with  a  bluish  light.  Every  one  is  acquainted  with 
the  phenomena  which  present  themselves  when  the  back  of 
a  cat  is  rubbed  in  the  dark ;  these  are  electrical  phenomena, 
and  to  the  unknown  cause  is  assigned  the  term  electricity, 
just  as  the  term  caloric  was  assigned  to  the  unknown  cause 
of  heat. 

258.  Eiectroscopes, — The  attrac- 
tion and  the  repulsion  of  a  light  sub- 
stance are  the  characteristics  whereby 
a  body  is  known  to  be  electrified,  or 
excited  by  friction ;  and  to  ascertain 
this  with  certainty  various  instru- 
ments, termed  electroscopes,  have 
been  devised.  Of  these  the  most 
simple  is  the  electric  pendulum, 
which  consists  of  a  small  ball  of 
elder  pith,  suspended  by  a  silk,  or  a  very  delicate  metallic 
thread.  When  we  wish  to  discover  whether  a  body  is 
electrically  excited,  we  bring  it  near  the  ball ;  if  the  b^-is 
neither  attracted  nor  repelled,  the  body  is  either  not  excited 
at  all,  or  in  an  exceedingly  small  degree.  The  electric 
needle  may  also  be  used  for  the  same  purpose ;  it  consists  of 
a  most  delicate  copper  needle,  poised  on  its  centre,  and 
having  a  very  light  pith  ball  at  each  extremity.  An  excited 
body  attracting  one  ball  will  make  the  needle  move  about 
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its  centre ;  and  since  the  friction  of  the  point  of  support  ■ 
here  the  only  obstacle  to  motion,  this  electroscope  has  giest 
susceptibility. 

By  means  of  these  and  other  similar  ocmtrivance^  wp 
may  easily  examine  all  bodies,  and  see  whether  the^  »e 
capable  of  being  electrically  excited  by  frictioD.  Tbii 
examination  is  attended  with  very  curious  results;  and  it 
appears  that  gum-lac,  resin,  amber,  sulphur,  and  glasi^  as 
well  as  the  diamond  and  most  precious  stones,  are  emineady 
electric ;  that  baked  clay,  wood,  and  charcoal,  rarefy  ffn 
any  signs  of  attraction,  and  that  the  metals  and  scnne  odier 
substances  never  exhibit  the  least  signs  of  attraction,  what- 
ever care  is  taken  in  rubbing  them.  Thus,  the  prodactioDS 
of  nature  may  be  separated  into  two  grand  classes,  whenof 
one  contains  all  those  substances  which  are  capable  of  bsiiM; 
electrically  excited  by  friction,  and  whidi  are  therefixe 
called  electrics ;  the  other  contains  those  which  caimot  te 
excited,  and  which  are  consequently  called  non-eleotrioL 
This  distinction  is  not,  however,  well-founded,  and  tbe 
terms  non-conductors  and  conductors  are  better,  siooe  tiMf 
accord  more  with  the  facts. 

^59.  C<mducting  and  nor^-ciniducting  or  msuiaiing  bodiei* 
'  -If  those  substances  which  we  have  termed  non-^attnci 
cannot  be  electrified  by  friction,  they  may  in  some  otte 
way.  It  was  discovered  by  Gray,*  that  if  a  glass  take 
having  its  ends  stopped  with  a  cork  be  rubbed,  the  eork 
becomes  electrified;  whereas  the  oork  itself  bdng rubbed 
exhibits  no  signs  of  excitement.  A  metallic  wire  insoted 
into  the  cork  became  electrically  excited,  as  well  as  the 
cork,  and  this  is  the  case  whatever  the  length  of  wire.  If 
the  wire  have  a  metallic  ball  at  one  end,  a  body  is  moA 
more  strongly  attracted  when  held  near  it  than  near  siit 
other  part  of  the  Wire.  A  metallic  substance,  then,  has  the 
property  of  transmitting  electricity;  and  this  transmiaiioii 
takes  place  also  instantaneously ;  thus  the  effect  is  the  mnift 

•  In  1729 :  see  Phil.  Trant.  1732. 
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as  if  electricity  were  a  species  of  fluid  which  passes  from 
the  glass  to  the  metal,  and  which  difliises  itself  immedi- 
ately over  the  whole  surface.  This  property  is  fou^d  in 
all  those  suhstances  which  we  have  termed  non-electric, 
and  they  are  consequently  said  to  he  conductors  of  elec- 
tricity. On  the  contrary,  those  which  we  have  termed 
electrics  are  non-conductors,  that  is  to  say,  the  electricity 
does  not  diffuse  itself  over  their  surfaces;  for  a  tuhe  of 
glass  being  ruhhed  at  one  extremity,  does  not  exhibit  any 
Bgns  of  attraction  at  the  other  extremity. 

The  common  electrifying  machine  may  be  employed  to 
diew  this  property  of  metallic  bodies,  as  the  conductors  of 
electricity.  This,  which  consists  of  a  cylinder,  or  plate,  or 
sphere  of  glass,  made  to  revolve  in  contact  with  the  hand, 
or  with  a  rubber,  is  a  means  of  producing  an  abundant 
supply  of  electricity.  If  a  metallic  bar  or  wire  suspended 
hy  silken  threads,  or  sustained  on  glass  props,  be  placed  in 
ooDtact  with  the  glass,  we  shall  see  when  the  glass  is 
rubbed,  P.  that  the  metal  is  electrically  excited  throughout 
its  whole  length,  whatever  be  the  number  of  turns  of  the 
wire ;  2®.  that  if  it  is  interrupted  any  where  by  a  piece  of 
^ass  or  silky  there  are  no  signs  of  electricity  beyond  this 
break  in  the  continuity ;  3^.  that  if  it  touches  the  floor, 
diere  are  no  traces  whatever  of  its  being  electrically  ex- 
cited ;  for  the  floor  is  a  sufficiently  good  conductor  to  admit 
ef  the  electricity  dissipating  itself  over  the  whole  surface, 
and  thence  extending  throughout  the  whole  house,  and  to 
the  earth  itself. 

From  the  preceding  it  appears  that  the  air  is  a  non-con- 
ductor ;  for  had  it  the  properties  of  a  metallic  body  in  this 
respect,  the  electricity  developed  by  friction  would  pass  off 
nt  once  from  the  rubbed  body  into  the  surrounding  air,  and 
be  instantly  dispersed  throughout  the  whole  mass  of  the 
atmosphere* 

Water  and  its  vapour  are  very  good  conductors ;  for  an 
excited  body  plunged  into  water  or  into  the  vapour  of 
water,  parts  at  once  with  all  its  electricity.     Hence  a  sub- 
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Stance  which  will  retain  its  electrical  state  for  a  very  loi^ 
time  in  dry  air,  loses  it  almost  immediately  when  the  atmo- 
sphere is  moist ;  and  electrical  expeziments  are  very  apt  to 
fail  on  a  damp  or  rainy  day.  The  worst  conductors  become 
good  ones  when  moistened,  and  bodies  must  in  general  be 
warmed  before  being  subjected  to  friction. 

The  human  body  is  also  a  good  conductor;  a  penoD 
standing  on  a  bad  conductor,  as  on  a  cake  of  resin  or  sul- 
phur, becomes  electrically  excited  throughout  the  whole 
body  by  touching  an  excited  body ;  but  standing  on  die 
ground  it  is  oonveyed  away  into  the  earth.  Hence  we  see 
why  metals  cannot  be  excited  when  held  in  the  hand— 4]ie 
electricity  is  conveyed  away  as  fast  as  produced. 

The  electrical  conducting  power  of  different  suhstaooes 
depends  on  some  permanent  cause,  as  the  nature  of  the  sub- 
stance ;  but  it  depends  also  on  several  accidental  causes,  of 
which  it  is  difficult  to  ascertain  the  exact  influence.  Thus» 
instead  of  speaking  of  bodies  as  conductCHrs-  or  non-condoe- 
tors,  we  should  speak  with  more  accuracy  of  them  as  good 
or  bad  conductors ;  for  there  exists  no  known  substimee 
which  is  an  absolute  non-conductor.  The  worst  conducton 
are  gum*lac,  silk,  glass,  and  resinous  substances;  henoe 
they  are  called  insulatvng  substances^  because  any  bo^ 
supported  upon  them  is  insulated,  or  has  all  connenoD 
with  the  ground  cut  off,  and  preserves  for  a  long  dqie  the 
electricity  which  it  possesses.  Between  the  worst  and  the 
best  conductors  lie  an  infinitediversity  of  substances,  whei^of 
each  has  its  own  conducting  power. 

260.  Two  species  of  Ekctricity. — A  body  which  is 
electrically  excited  repels  any  body  to  which  it  has  oomi- 
municated  any  portion  of  electricity.  If  an  e^ted  bodyi 
as  a  tube  of  glass,  be  held  near  an  insulated  electric  pen- 
dulum (Art.  258),  the  jMth  ball  will  be  attracted,  and  will 
remain  in  contact  with  the  excited  tube  for  some  secondly 
but  it  will  then  be  repelled ;  the  two  positions  of  the  boll 
are  represented  by  the  dotted  line  in  the  figure  just  i^ 
ferred  to ;  the  angle  through  which  it  is  repelled  is  equal 
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to  the  angle  through  which  it  was  previously  attracted. 
That  this  repulsion  of  the  ball  arises  from  the  electricity 
which  it  has  received  from  the  tube,  is  evident  from'  the  fact, 
that  if  the  ball  be  touched  by  the  hand^  or  by  any  conductor, 
it  is  immediately  attracted,  and  again  repelled  as  before, 
after  contact.  If  the  ball  be  not  insulated,  the  electricity  is 
conveyed  away  as  soon  as  communicated,  and  consequently 
the  ball  will  remain  in  contact  with  the  excited  body. 
But  if  the  attracted  body  be  insulated,  it  is  always  repelled 
afler  contact,  whatever  be  the  nature  of  the  excited  sub- 
stance. 

But  if  we  have  two  insulated  pendulums,  whereof  one 
has  been  electrically  excited  by  contact  with  glass,  and  the 
otH*er  by  contact  with  some  resinous  substance,  the  following 
remarkable  phenomenon  presents  itself;  a  strong  mutual 
attraction  exists  between  the  ball  which  has  been  in  con- 
tact with  the  glass  and  the  ball  which  has  been  in  contact 
with  the  resinous  substance ;  but  if  both  balls  have  touched 
the  same  substance,  they  mutually  repel  each  other.  It 
appears  then  that  the  electricities  of  glass  and  of  resinous 
substances  are  not  identical,  since  each  attracts  that  which 
the  other  repels. '  These  two  electricities,  different  in  their 
origin  and  in  their  effects,  have  received  different  names, 
the  one  being  called  vitreous,  the  other  resinous  electricity. 
The  vitreous  electricity  is  sometimes  called  positive  and 
the  resinous  negative  electricity,  in  consequence  of  theo 
retical  views  entertained  on  this  subject ;  we  shall  use  the 
terms  indifferently;  and  the  student  must  carefully  re- 
member, that  by  positive  electricity  we  mean  such  as  is 
produced  from  glass,  and  by  negative  electricity  such  as  is 
produced  from  a  resinous  substance,  as  amber,  or  gum-lac. 

Whatever  theoretical  views  we  may  adopt,  the  effects 
are  such  as  may  be  produced  by  two  electricities,  whereof 
each  attracts  the  other  and  repels  its  own  kind.  And 
this  is  the  test  whereby  we  distinguish  the  kind  of  elec- 
tricity ;  the  excited  body  is  brought  near  a  pendulum,  the 
.electricity  of  whose  ball  is  vitreous ;  if  the  ball  is  repelled 
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the  unknown  electricity  is  proved  to  be  Titreoiu — if  at* 
tracted,  resinous. 

261.  Naiural  stale  of  bodies  with  resf^ed  to  Eke* 
Irtcily.  — Such  is  the  rapidity  with  which  electrie^ 
spreads  itself  over  the  whole  surface  of  the  oondoetiiig 
body,  that  we  must  conclude  that,  if  a  fluid  at  all,  it  ii 
one  of  excessive  mohility  ;  and  from  the  opposite  natareof 
the  electricity  developed  in  glass  and  in  resinous  wAh 
stances,  the  opinion  is  strongly  forced  upon  us  that  tbeie 
are  two  fluids.  When  these  two  fluids  are  comhined  bf 
their  mutual  attraction,  or  by  one  neutralising  the  other, 
the  body  is  in  its  natural  state  with  respect  to  electddty; 
but  the  electricities  becoming  decomposed  or  separated  bf 
any  cause,  the  contrary  actions  which  they  exert  on  soae 
outward  body  cannot  be  exactly  compensated,  and  the  bodj 
in  which  this  decomposition  has  taken  place  is  said  to  be 
electrically  excited.  It  is  electrized  Titreously,  or  pod- 
tively^  if  the  vitreous  fluid  predominates-^and  resinmulyi 
or  negatively,  if  the -resinous  fluid  predominates. 

Whenever  one  electricity  is  developed  in  a  body  whieb 
was  previously  in  its  natural  state,  there  must  be  a  ser- 
responding  development  of  the  other  electricity^  or  it  msit 
be  destroyed  by  the  decomposing  cause.  But  the  destroC' 
tion  of  a  natural  agent  or  a  force  being  no  less  inooo- 
ceivable  than  the  destruction  of  matter  itself,  we  may  be 
assured  that  one  electricity  is  never  developed  without  tbe 
other.  Of  this  we  may  convince  ourselves  by  rubbing  Vm 
discs  of  any  substance  against  each  other,  the  discs  bdng 
insulated  by  glass  handles.  If  after  the  friction  they  be 
held  together  there  will  be  no  signs  of  any  electricity,  but 
if  they  be  separated  we  shall  at  once  recognise  that  one 
possesses  vitreous  and  the  other  resinous  electricity.  Theee 
plates  may  be  of  glass,  wood,  resin,  metal,  or  covered  with 
fur,  paper,  silk,  &c  and  we  shall  obtain  the  same  result 

If  a  body  in  its  natural  state  possesses  the  two  elec- 
tricities in  equal  quantities,  there  seems  no  reason  why  on 
being  rubbed  it  should  take  one  fluid  in  preference  to  the 
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Other;  and  take  at  one  time  the  positive,  at  another  the 
negative  electricity.  Such  is  however  the  fact;  ghiss 
acquires  positive  electricity  when  rubhed  with  a  piece  of 
silk,  and  negative  electricity  when  rubbed  with  a  piece  of 
cat's  skin,  and  some  other  furs.  It  is^  m<ureover,  univer- 
sally true,  that  the  rubbed  and  the  rubbing  substances 
acquire  opposite,  electricities^  and  it  will  be  of  service  to 
remember,  that  glass  rubbed  by  silk  or  wool  acquires  posi* 
live,  the  rubbers  consequently  acquiring  negative  elec<* 
tricity ;  that  resin  mbbed  by  silk  or  wool  acquires  negative, 
the  rubbers,  on  the  contrary,  acquiring  positive  electricity. 
262*  Communicaiion  qf  Electricity .-^Khctiidty  is  com- 
municated by  contact ;  but  it  may  be  communicated  also 
widiout  actual  contact,  at  a  small  distance ;  in  all  cases, 
however,  the  conducting  power  of  the  body  and  its  form 
has  great  influence  on  the  mode  in  which  it  is  communi- 
cated. Bad  conductors  part  with  their  electricity  only  at 
those  points  at  which  the  contact  takes  place ;  but  the  best 
conductors  gain  or  part  with  electricity  throughout  the 
whole  extent  of  dieir  surface ;  and  other  bodies  acquire  or 
lose  their  electricity  from  a  portion  of  their  surface  of 
greater  or  less  extent  about  the  point  of  contact,  according 
to  the  gtx)dnes8  of  their  conducting  powers.  Thus  bsdls  of 
glass,  sulphur,  and  resin,  are,  by  contact  with  excited  glass, 
sulphur,  or  resin,  electrized  only  at  the  points  of  contact. 
Pieces  of  paper  or  card  a  little  moistened  are  electrized 
through  a  small  extent  of  surface  about  the  point  of  contact; 
and  an  insulated  metallic  body  is  electrized  instantly  through- 
out its  whole  surface;  their  electricity  is  consequently  less 
sensible  according  as  the  extent  of  their  surface  is  greater. 
If  the  metallic  body  communicates  with  the  ground,  the 
surface  over  which  the  electricity  may  extend  is  Infinite^ 
and  the  electrical  state  of  its  surface  will  be  scarcely  sen- 
sible. In  this  case  the  electricity  is  said  to  have  flowed 
into  the  soil,  or  into  the  common  reservoir,  because  it  is  in 
fact  diffused  over  the  whole  globe  of  the  earth.    If  the 
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electrised  body  is  itself  a  conductor,  it  is  perfectly  bnamr 
terial  at  what  point  the  contact  takes  place;  the  loss  of 
electricity  will  be  instantly  sensible  o^er  the  whole  surftoe. 

The  electricity  which  is  communicated  without  contact, 
or  at  a  distance,  expands  itself  over  a  conducting  body  in 
the  same  manner  as  that  which  is  communicated  by  con* 
tact ;  but  in  its  passage,  the  curious  phenomenon  of  tbe 
electric  spark  presents  itself.  For  the  production  of  thii 
spark  we  do  not  require  a  tube  to  be  electrically  excited 
in  any  great  degree;  whatever  be  the  degree  of  exdte- 
ment,  a  small  spark  will  be  seen  when  a  metal  bar  or 
the  knuckle  is  brought  near  to  the  excited  tube  ;  tqge^ 
with  the  spark  a  smart  crack  is  heard.  When  the  elec- 
trized body  is  metallic,  and  of  considerable  surface,  as  the 
conductor  of  an  electrical  machine,  the  spark  will  pan 
between  it  and  another  body  at  more  than  a  foot  distance; 
the  light  is  in  this  case  exceedingly  brilliant,  and  the  cradc 
somewhat  like  that  of  a  whip. 

263.  Induction,  —  In  the  preceding  articles  we  have 
spoken  of  the  phenomena  of  attraction  and  repulsion, 
and  considered  that  each  electric  fluid  attracts  the  fltiid 
of  a  different  name,  and  repels  the  fluid  of  the  same 
name ;  these  attractions  and  repulsions  do  not  take  place 
limply  between  the  free  fluids,  that  is,  when  the  fluids 
are  already  decomposed  or  separated;  they  are  also  ex- 
erted on  the  combined  fluid,  that  is,  when  a  body  is  in 
its  natural  state  ;  hence  it  follows  that  a  conducting  body 
may,  without  losing  or  without  receiving  any  electricity, 
be  brought  into  an  electrical  state,  due  simply  to  the  action 
of  some  external  cause,  and  which  state  vnll  cease  with  tbe 
removal  of  this  cause.  This  electrical  state  produced  at  a 
distance  is  termed  electricity  by  influence,  or  induction. 
-  Suppose  that  a  copper  ring  a,  having  two  pith  T»1)y 
suspended  to  it  by  very  delicate  metallic  threads,  is  sus- 
tained on  a  glass  support.  A  body  r,  electrised  resinously» 
is  placed  near  it,  at  a  foot  distance  suppose;  then  the  two 
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balls  will  repel  each  other  and  take  the  positions  b  b'.  The 
less  the  distance  of  r  from  the  ring 
the  greater  will  be  the  divergence 
of  the  balls^  provided  R  is  not 
brought  so  near  that  the  spark 
passes.  The  balls  b^  b'  are  charged 
with  the  same  electricity,  and  this 
electricity  will  be  found  to  be 
resinous,  or  the  same  as  that 
of  the    body    r,    whose  presence  .'      . . 

causes    their  divergence.     If  the  ,    ^ 

body  R  be  removed,  the  divergence  diminishes  as  the  dis- 
tance increases,  and  ceases  entirely  when  R  is  removed  to 
a  sufficient  distance ;  this  would  not  be  the  case  if  R  had 
imparted  any  electricity  to  the  ring  or  to  the  balls;  we 
cannot  therefore  suppose  that  there  is  any  communica- 
tion of  electricity  across  the  air.  The  whole  phenomenon 
is  due  to  what  takes  place  in  the  ring,  the  wire,  and  the 
balls,  and  may  be  explained  by  saying,  that  the  natural 
state  of  this  system  is  disturbed  by  the  influence  of  the 
electrized  body;  that  the  fluids  are  separated,  and  the 
vitreous  fluid  is  attracted  to  that  part  which  is  nearest  R> 
or  is  comprised  in  the  ring — that  the  resinous  is  repelled  to 
the  most  distant  point,  and  is  collected  in  the  balls.  Thus 
the  two  fluids  are  simpjy  displaced,  and  on  the  removal  of 
the  disturbing  electrized  body  they  become  reunited  by 
their  mutual  attraction* 

There  is  a  little  instrument  termed  a  proof  plane,  which 
serves  to  shew  the  nature  of  the  electricity  at  any  point  of 
a  body.  It  consists  of  a  very  small  disc  of  tinsel  or  gilt 
paper  attached  to  the  extremity  of  a  good  insulator,  usually 
a  piece  of  gum-lac.  This  being  applied  by  contact  at  any 
point  of  an  excited  body  will  take  a  quantity  of  electricity 
proportional  to  the  intensity  of  the  electricity  at  that  point; 
this  must  then  be  brought  near  a  delicate  electrometer, 
that  the  amount  and  nature  of  the  charge  may  be  ascer- 
tained.   The  disc  of  a  proof  plane  being  made  to  touch 
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any  portion  of  the  copper  ring^  will  be  found  to  have 
acquired  vitreous  electricity,  whilst  that  from  the  balk  wiD 
be  resinous. 

A  body  is  sometimes  said  to  be  situated  within  or  with- 
out the  sphere  of  activity  of  an  electiiired  body,  according 
as  it  does  or  does  not  experience  its  influence.  This  state- 
ment is,  however,  not  strictly  correct ;  for  the  influence  of 
an  electrized  body  really  extends  to  infinity,  but  the 
distance  at  which  we  can  detect  it,  or  render  its  effects 
sensible,  must  depend  on  the  delicacy  of  the  means  whidi 
we  employ.     . 

264.  Return  Stroke, — A  body  which  has  been  electrised 
by  induction  returns  to  its  natural  state  the  instant  the 
influence  ceases.  Now,  since  the  decomposition  by  infla* 
ence  is  instantaneous  in  conducting  bodies,  the  reoompo- 
sition  ought  also  to  be  instantaneous  when  the  decomposmg 
cause  has  ceased ;  the  decomposing  cause  may  be  de- 
stroyed in  two  ways — ^gradually,  by  drawing  small  sparks 
firom  the  electrized  body  with  an  insulated  bodj^,  or  sud- 
denly, by  removing  it  all  at  once  by  a  single  spark.  In  the 
former  case  the  recomposition  is  gradual,  since  the  influ- 
ence which  causes  the  separation  is  continually  diminished; 
in  the  latter,  the  two  electricities  unite  by  their  mutuil 
attraction,  and  unite  entirely,  as  is  seen  by  the  suddea 
and  complete  approach  of  the  balls.  In  these  phenomena 
neither  of  the  fluids  leaves  the  mass  which  is  the  subject 
of  the  electrical  influence,  but  each  experiences  a  motion  cl 
translation  throughout  the  whole  mass,  both  in  their  sepa- 
ration and  in  their  reunion.  These  rapid  motions  of  elec- 
tricity produce  in  the  particles  of  matter  most  remarkable 
mechanical  and  chemical  eflects.  The  efiects  of  thia  sud- 
den reunion  of  the  two  electricities,  or  of  the  return  stroke, 
are  quite  sensible  in  the  human  frame.  Suppose  that  two 
persons  stand  one  at  each  end  of  a  large  conductor ;  thea 
while  it  is  being  charged  they  experience  no  pecul&r 
sensations ;  but  if  one  of  them  approaches  sufficiently  near 
to  draw  sparks,  the  other  immediately  experiences  a  shock. 
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although  there  is  no  trace  of  any  spark  or  light  having 
passed  betwixt  him  and  the  charged  conductor. 

265.  Electricity   of   bodies    communicating    with  the 
earth. — When  a  body,  as  an  insulated  conductor^  is  elec- 
trized by  influence,   either  kind    of  electricity  may  be 
procured  from  it;  but  if  the  body  communicate  with  the 
ground,  it  can  never  be  charged  with  more  than  one  of  the 
electric  fluids.     If  we  examine  the  electricity  at  the  two 
ends  of  the  conductor  in  which 
the  fluids  have  been  separated  by        t^        ^.i — ?p 
influence,  the  vitreous  fluid  will 
be  collected  at  one  end,  as  at  v, 
and  the  resinous  at  r,  and  betwixt 
them  will  be  a  neutral  line,  as  at 
n,  which  separates  the  two  fluids.* 
On  applying  a  proof  plane  we  shall  find  vitreous  electricity 
throughout  the  whole  portion  v  n,  and  resinous  throughout 
an;   but  no  sensible  electricity  near  this  point  »•     If 
however  any  communication  be  made  with  the  ground,  the 
results  will  be  altogether  different ;  if  the  communication 
take  place  any  where  in  the  portion  nv,  the  whole  vitreous 
electricity  will  disappear;  if  any  where  inn  r,  the  whole 
resinous  electricity  will  disappear;  the  resinous  remaining 
unaflected  in  the  former   case,  and  the  vitreous  in  the 
latter.     The  explanation  of  this  phenomenon  is  simple; 
the  chain  by  which  the  communication  takes  place  has  its 
electricity  decomposed  by  influence ;  its  vitreous  fluid  is 
repelled  into  the  ground,  whereas  the  resinous  is  attracted 
on  to  the  cylinder,  and  neutralises  the  vitreous  fluid,  which 
it  meets  with ;  the  result  being  precisely  the  same  as  if  the 
cylinder  had  communicated  with  the  ground  previous  to 
its  being  electrized  by  influence. 

266.  The  Electrophorus.— This  m- 
strument  is  founded  on  the  laws  of 
electrical  excitation  by  influence, 
which  we  have  just  attempted  to  ex- 
plain. It  consists  of  three  parts,  ^  fj 
whereof  the  most  important  is  a  plate       }}a/ua^n/nmiiuKA 
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of  resin^  sulphur,  or  some  other  electric,  which  is  poured  in 
a  melting  state  on  some  conducting  substance  termed  the 
soie,  and  formed  with  a  rim  so  as  to  retain  the  melted 
electric  until  it  has  cooled.     The  third  part  is  a  metallic 
plate  of  somewhat  smaller  diameter  than  the  electric,  and 
insulated  by  a  handle  fastened  to  its  upper  surface ;  it  is 
termed  the  cover.    The  surface  of  the  cake  is  electricallj 
excited  by  friction,  with  fur  or  flannel,  and  the  cover  is 
placed  upon  it.     The  contact  which  takes  place  is  not  suffi- 
ciently intimate  for  the  plate  to  acquire  the  electricity  of 
the  cake ;  but  the  plate  is  electrized  by  influence,  acquir- 
ing an  apposite  state  at  its  lower  surface,  and  a  simibr 
state  at  its  upper  surface.     If,  now,  the  upper  plate  be 
touched  by  the  flngoTf  or  by  any  other  conductor  whidi 
communicates  with  the  ground,  a  spark  will  pass  to  the 
cover,  so  as  to  restore  the  electric  equilibrium  ;  the  quan- 
tity of  electricity  thus  superadded  being  retained  in  the 
cover  by  the  inductive  influence  of  the  cake.     When  the 
plate  is  raised,  provided  it  be  held  by  its  insulating  handle, 
the  cover  will  be  charged  with  positive  electricity,  which 
may  be  imparted  to  an  insulated  conductor,  or  to  a  Leyden 
jar  (Art.  269).     This  operation  being  repeated,  a  charge 
may  be  communicated  to  the  jar  of  an  intensity  equal  to 
that  of  the  cover  of  the  electrophorus  when  raised. 

On  the  same  principle  the  condenser  is  constructed,  and 
employed  for  collecting  weak  electricity  spread  over  a 
large  surface,  so  that  the  electricity,  being  increased  in 
intensity,  may  be  examined. 

267.  Dissipation  of  Electricity. -^The  electricity  of  all 
bodies  disappears  after  a  certain  time ;  it  is  either  dissi- 
pated into  the  air  or  into  the  soil,  as  all  electrical  experi- 
ments shew.  The  prevention  of  this  dissipation  is  not  in 
our  power,  but  we  may  render  it  more  slow,  more  regular, 
and  capable  of  being  measured.  Unless  this  can  be  efiected 
it  would  be  impossible  to  establish  any  laws  respecting  the 
electric  forces^  since  they  would  be  ever  variable,  and 
change  according  to  unknown  laws.    The  loss  which  is 
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due  to  the  imperfect  insulation   of  the  supports,  arises* 
partly  from  their  conducting  power  and  partly  from  the' 
thin  stratum' of  moisture  with  which  they  are  covered.  The* 
surface  of  glass  condenses  the  vapour  of  the  atmosphere 
with  great  rapidity ;  hence  a  glass  support  must  always  he 
covered  with  gum-lac ;  and  silk  threads  must  he  dipped  in 
this  suhstance  for  the  same  reason.     These  precautions 
being  taken,  glass  or  silk  may  insulate  nearly  as  well  as 
guro.lac  itself;  and  it  appears  from  some  experiments  of 
Coulomh,  that  the  insulation  is  complete  when  the  supports 
are  ahout  fifteen  or  twenty  inches  in  length,  and  well' 
warmed  hefore  each  experiment,  so  as  to  evaporate  any' 
moisture  which  may  be  on  their  surfaces.     Since,  however, 
the  insulation  is  not  complete  except  the  supports  have' 
considerable  length,  it  is  evident  that  they  always  contain 
a  certain  quantity  of  electricity,  and  that  the  fluid  becomes, 
repelled  to  the  extremity  of  the  support,  and  thence  passesr- 
into  the  ground  by  a  slow  but  continuous  discharge.     A 
body  is  perfectly  insulated  when  it  experiences  the  same 
loss  of  electricity  from  one  as  from  several  supports ;  and  - 
the  loss  which  then  takes  place  must  be  due  to  the  contact 
of  the  air.     The  loss  due  to  the  air  arises  in  a  great  mea- 
sure from  the  watery   vapour  which  is   always  diffused 
through  it ;  the  effect  of  moisture  in  dissipating  electricity 
is  so  great,  that  all  traces  of  electricity  are  lost  if  we  breathe 
on  electrized  glass  or  resin,  or  on  an  insulated  conductor. 
The  electricity  which  is  thus  removed  by  vapour  diffuses 
itself  continuously  through  one  particle  after  another  in  the 
surrounding  atmosphere,  and  it  may  be  conjectured  that 
the  molecules  of  vapour  are  considerably  influenced  by  it. 
The  loss  of  electricity  is  not,  however,  entirely  due  to  the 
vapour,  since  air  completely  deprived  of  its  vapour  by* 
muriate  of  lime,  sulphuric  acid,  or  any  other  substance  for 
which  water  has  a  strong  affinity,  suffers  a  small  pcnrtion 
of  the  electric  fluid  to  escape. 

268.  Distnhution  of  Electricity  at    the  surfaces    of- 
bodies. — The  electric  fluids,  in  the  natural  state  of  bodies, 

2  M 
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are  uniformly  diffused  throughout  the  whole  mass  of  a  con- 
ductor^ and  seem  to  be  accumulated  there  in  infinite 
abundance.  But  when  the  fluids  are  separated,  or  the 
electricity  is  free,  the  particles  repel  each  other,  and  dis- 
perse in  every  direction  until  they  meet  with  some  obstade 
which  can  arrest  their  progress.  A  perfect  conductor 
would  present  no  impediment  to  this  difiusion,  and  the 
fluid  extending  instantly  through  the  whole  of  its  sur£ue 
would  extend  itself  still  farther  if  it  met  with  any  space 
equally  permeable.  An  electrised  body  placed  in  a  perfect 
vacuum  would  lose  instantly  all  its  free  fluids,  since  a  void 
would  present  no  impediment  to  the  passage  of  electricity. 
Thus  the  earth  is>  perhaps,  the  only  planetary  body 
which  can  be  electrised  at  its  surface,  supposing  it  alone 
to  have  an  enveloping  atmo^here.  The  metals  do  not 
possess  conducting  power  in  perfection,  but  the  electricsl 
state  passes  with  such  rapidity  through  them,  that  we  may 
suppose  the  fluid  to  experience  little  or  no  resistance  in 
passing  through  their  substance.  It  follows  from  this 
hjrpothesis  that  free  electricity,  developed  at  any  part  of  a 
metallic  conductor,  always  spreads  to  the  surface,  when 
its  farther  progress  is  arrested  by  the  surrounding  sir. 
There  are  some  simple  experiments  which  may  elucidate 
this  most  important  hypothesis.  V,  An  insulated  sphsie 
is  covered  with  two  hemispheres  of  some  metallic  1^  or 
tinsel,  which  fit  accurately,  and  may  be  removed  at  plesp 
sure  by  insulating  handles.  The  sphere  is  electrized,  and 
the  hemispheres  being  removed  suddenly,  the  surface  vrill 
be  entirely  deprived  of  its  electricity.  The  fluid  then  had 
expanded  over  the  surface,  and  accumulated  there  without 
entering  at  all  into  the  interior.  2**.  A  sphere  of  seven 
or  eight  inches  in  diameter,  with  a  very  small  slit  of 
about  an  inch  deep,  is  insulated  and  electrized ;  the  whole 
electricity  will  be  confined  to  the  surface,  none  whatever 
being  at  the  bottom  of  this  small  hole.  3°.  If  two  spheses 
of  the  same  radius  and  conducting  material  be  electrised 
together,  and  separated ;  and  one  be  touched  by  a.  solid 
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metal  sphere,  and  the  other  hy  a  sphere  of  the  same  radius, 
hut  made  with  tinsel  or  gold  paper^  that  is,  hy  gumming 
a  leaf  on  a  sphere  of  resin ;  the  two  spheres  will  he  found 
to  hare  lost  the  same  quantity  of  electricity ;  thus  the  solid 
metal  sphere  removes  no  more  than  the  superficial  shell. 
Hence  we  may  conclude^  that  the  fluid  does  not  exist  in 
the  interior  of  hodies,  hut  is  confined  to  the  surface  in  a 
stratum  of  insensible  thickness. 

269.  The  Ley  den  «/isr.— *If  a  glass  vessel^  a  tumbler  for 
example,  partly  filled  with  water,  he  held  in  the  hand^  and 
a  conductor  communicating  with  the  prime  conductor  of  an 
electrical  machine  be  introduced  into  the  water;  then,  if 
after  a  few  turns  of  the  machine  we  attempt  to  remove  the 
conductor,  holding  the  vessel  in  the  other  hand,  we  shall 
receive  a  shock,  the  violence  of  which  will  depend  on  the 
size  of  the  vessel,  the  power  cf  the  machine,  and  the  time 
during  which  it  is  continued  in  action.  This  is  the  phe- 
nomenon of  the  Leyden  Jar;  but  a  jar  containing  water 
being  extremely  inconvenient,  a  jar  is  used  covered  both 
inside  and  outside  with  tin  foil,  pasted  on  from  the  bottom 
to  within  a  third  of  the  top,  as  up  to 
a  b.     The  upper  portion  of  the  jar  is  O 

coated  with  lac^vamish,  or  if  not  var-  I 

nished  it  must  be   rubbed  over  with         X  --a]--  ^ 

tallow    to    prevent    the  deposition  of        t 

moisture.      A  cork  covered  over  with 


lao-vamish,  or  with  sealing-wax,  is  j 
fitted  into  the  mouth  of  the  jar,  and  a  |  ^o* 
brass  wire  passes  through  it,  terminated 
at  one  extremity  hy  a  ball  or  knob,  and  divided  at  the 
other  into  two  or  three  fine  wires,  which  are  in  contact 
with  the  inside  coating  of  the  jar.  The  jar  being  held 
in  the  hand  by  the  outside,  if  the  knob'  is  brought  within 
the  striking  distance  of  the  conductor  of  an  electrical  ma^ 
chine,  sparks  pass  between  the  conductor  and  the  knob  as 
the  machine  is  worked,  and  the  vitreous  electricity  whidi 
passes  into  the  jar  beeomes  expanded  over  the   whole 
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interior  surface  of  the  jar.  The  electricity  cannot  pass 
through  the  glass ;  hut  acting  hy  influence  on  the  e&terior 
surface*  it  decomposes  the  electricities  of  the  external 
furface,  attracts  the  resinous,  which  becomes  accumulated 
and  condensed  on  the  external  surface,  and  repels  the 
yitreouSy  which  passes  off  through  the  body  into  the 
ground.  The  jar  may  also  be  charg^  hy  holding  the 
knob  in  the  hand  and  presenting  the  external  surface  to 
the  prime  conductor;  but  in  all  cases  the  communicatioD 
of  one  of  the  surfaces  with  the  ground  is  no  less  essential 
than  the  communication  of  the  other  with  the  prime  con- 
ductor. Every  spark  which  passes  from  the  conductor  of 
the  knob  occasions  an  increase  of  vitreous  or  positive 
electricity  on  the  inside^  and  of  resinous  or  negative  on 
the  outside  surface.  Suppose  now  that  any  good  cob« 
ductor,  as  a  metallic  body,  touches  at  once  the  knob  and  the 
outside  coating  of  the  jar,  the  two  electricities  will  imme* 
diately  rush  together,  there  will  he  a  crack  and  a  brilliant 
light,  the  two  electricities  will  combine,  and  almost  all 
traces  of  a  vitreous  or  of  a  resinous  electricity  will  dis- 
appear. If  the  medium  of  communication  be  the  human 
body  instead  of  a  metallic  wire,  as  if  the  jar  be  held  hj 
the  bottom  with  one  hand  and  the  knob  be  touched  by  th|e 
other,  the  two  electricities  will  combine  in  the  human 
body,  and  their  union  will  be  attended  with  a  smart  shock 
of  greater  or  less  violence,  according  to  the  sii^e  of  the  jar 
and  the  amount  of  the  charge. 

1270.  The  Electric  I.t^A/.  —  Whatever  may  be  the 
amount  of  electricity  accumulated  in  a  body,  there  is  no 
luminous  appearance  when  the  fluid  is  at  rest.  Hence  the 
first  condition  for  the  electric  light  is,  that  the  fluids  must 
be  in  motion,  or  that  their  equilibrium  must  be  disturbed  in 
some  manner.  This,  though  a  necessary,  is  not  a  sufficient 
condition,  the  tension  of  the  fluids  must  also  be  of  a  certain 
amount.  The  electricity  of  an  ordinary  machine,  for  in- 
stance, gives  no  luminous  appearance  in  its  passage  into  the 
«arth  by  a  metallic  conductor ;  but  light  is  visible  when 


SKCt.  U  LAW8   09  ftl.ECI'RlCITy.  401 

the  machine  has  very  great  power.  The  tension  requisite 
for  the  production  of  the  light  depends  on  the  state,  the 
form,  and  the  conducting  power,  of  the  medium  in  which 
the  fluid  moves ;  sometimes  electricity  of  very  low  tension 
will  give  a  hrilliant  light,  at  others  the  most  powerful 
tension  which  we  can  produce  is  unattended  with  any 
luminous  appearance. 

The  distance  from  which  an  electric  spark  can  be  drawn 
depends  on  the  conducting  power  of  the  substance,  the 
extent  of  the  surface,  and  the  thickness  of  the  stratum  of 
electricity  vrith  which  it  is  charged ;  for  the  single  con- 
dition that  the  spark  may  be  drawn  is,  that  the  tension  of 
the  electricity  must  be  greater  than  the  pressure  of  the 
air.  In  bodies  with  angular  points  this  condition  is  satis- 
fied for  extremely  small  charges  of  electricity ;  and  the  fluid 
diffuses  itself  spontaneously,  forming  bunches  of  light 
which  are  exceedingly  brilliant  in  the  dark,  and  whose  di- 
vergent rays  are  several  inches  long*  Bodies  of  a  round 
form  must  have  a  very  powerful  charge  before  a  spark  can 
leave  them ;  but  if  a  conductor  communicating  with  the 
ground  be  brought  near  them,  the  action  by  influence  takes 
place  immediately  :  the  fluids  are  displaced  in  consequence 
of  the  conducting  power  of  the  bodies,  are  accumulated  in 
a  manner  which  depends  on  the  extent  of  the  surfaces,  and 
the  spark  bursts  forth  as  soon  as  the  elastic  force  of  the 
atmosphere  is  more  than  counterbalanced  by  the  tension  of 
electricity  on  either  of  the  bodies  which  are  subjected  to 
influence. 

A  machine  has  great  strength  when  it  can,  without  the 
assistance  of  conductors  acting  by  influenee,  giv^  sparks  at 
a  distance  of  twenty  or  twenty-five  inches.  At  these  dis- 
tances the  electric  light  forms  a  line  of  flre,  the  sinuosities 
of  which  are  strikingly  analogous  to  the  flashes  of  light- 
ning. The  luminous  flashes  furnished  by  a  machine  may 
be  increased  indefinitely  by  making  interruptions  in  the 
continuity  of  the  conductor,  which  communicated  with  the 
ground ;  on  thi^  principle  many  interesting  phenomena  may 
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be  exhibited  by  electric  light.  Small  grains  of  metal  may 
be  laid  very  near  together  in  rilk^  but  not  in  immediate 
contact,  so  as  to  form  chains,  garlands^  and  patterns,  which 
will  appear  luminous  as  long  as  the  machine  with  whidi 
they  communicate  is  worked.  The  last  and  first  particle  of 
metal  will  appear  illumined  equally  at  the  same  instant, » 
sudden  is  the  communication  of  electricity,  whatever  be  the 
length  of  the  line. 

The  phenomenon  of  the  electric  light  in  a  partial 
vacuum  is  very  remarkable.  If  a  tube  of  any  length,  as 
for  example  six  or  eight  feet,  have  the  air  exhausted  from 
it,  and  be  made  to  communicate  at  one  end  with  an  ordi- 
nary machine,  and  at  the  other  with  the  ground,  there  will 
be  a  vivid  light  throughout  the  whole  of  its  interior.  The 
electricity  experiencing  but  a  feeble  resistance  from  the  air 
which  remains,  is  diffused  throughout  the  whole  tube,  and 
flows  through^  marking  its  passage  at  every  point  hj  a 
luminous  appearance.  When  the  communications  are  good, 
the  light  appears  fixed  and  steady;  but  if  a  conductor  be 
brought  near  the  exterior  of  the  tube,  the  light  is  attracted 
towards  it,  appearing  at  the  same  time  more  vivid.  It  gene- 
rally also  happens,  that  a  tube  which  has  been  used  for 
these  experiments  exhibits  similar  phenomena  long  after 
it  has  been  separated  from  the  machine. 

With  respect  to  the  theory  of  the  Electric  Light,  nothing 
which  is  satisfactory  can  be  at  present  advanced.  Two 
hypotheses  have  been  started,  whereof  one  supposes  the  1 
light  to  be  the  consequence  of  the  heat  produced  by  the  I 
sudden  condensations  which  are  known  to  take  place  when 
the  electric  spark  passes ;  the  other  supposes  that  the  light 
proceeds  from  successive  decompositions  and  recomposidons 
of  electricity  between  the  atoms  of  ponderable  matter. 

271.  Motion  o^  electrized  bodies.  —  All  the  preceding 
eiperiments  lead  us  to  consider  the  electric  matter  as  an 
extremely  subtile  fluid,  which  envelopes  the  atoms  of 
bodies,  and  perchance  fills  up  the  void  spaces  which  the 
bodies  naturally  contain*     This  fluid,  in  its  neutral  state. 
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exerts  beyond  all  doubt  some  actions  on  itself;  but  at  pre- 
sent it  is  a  perfect  mystery  what  those  actions  are ;  it  is 
only  when  the  fluids  are  decomposed  or  separated^  that  we 
become  sensible  of  the  phenomena.  Again^  it  exerts  some 
action  on  ponderable  matter ;  it  impresses  various  motions 
upon  it,  and  seems  at  first  to  act  on  it  by  attractive  or  re- 
pulsive forces.  A  more  attentive  examination^  however, 
will  convince  us^  that  if  the  atoms  of  matter  are  acted  on 
by  electric  fluids,  it  can  only  be  by  some  indirect  action  of 
pressure  or  impulse  ;  so  that  the  movements  of  electrized 
bodies  are  not  secondary  motions  in  which  matter  has  no 
direct  power,  but  a  simple  resistance^  receiving  passively  all 
the  motions  impressed  upon  it  by  the  electric  fluid.  It  is 
a  curious  question  for  our  consideration,  how  ponderable 
masses  may  be  displaced  and  transferred  by  an  imponder- 
able fluid. 

There  does  not  appear  to  be  any  attraction  at  a  distance, 
or  any  affinity  between  the  electric  fluid  and  the  substance 
of  non-conductors;  for  all  these   bodies  lose  their  elec- 
tricity in  a  vacuum.     If,  now,  we  consider  two  baUs,  of 
gum-lac  for  example,  charged  with  the  same  electricity, 
and  brought  near  each  other,  the  only  active  force  is  the 
repulsive  force  of  all  the  molecules  of  the  fluid  with  which 
they  are  covered ;  the  immediate  efiect  of  this  force  would 
be  to  separate  the  molecules,  and  to  disperse  them  in  all 
directions  in  which  they  could  move  freely ;  if,  for  ex- 
ample, the  two  balls  were  in  a  vacuum,  they  would  remain 
immoveable,  whilst  their  electricity,  obeying  its  repulsive 
power,  became  disseminated  in  all  directions ;  but  suspended 
in  air,  which  is  a  bad  conductor,  the  fluid  which  covers 
them  is  checked  on  all  sides,  or  rather  it  finds  on  all  sides 
a  resistance  which  must  be  overcome.     Those  molecules  of 
the  electric  fluid   which  rest  themselves  against  the  air 
cannot  move  without  repelling  the  air  before  them,  and 
those  which  support  themselves  against  the  surface  of  the 
gum-lac    cannot   move  without  moving  the   ball  as  an 
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obataele  which  opposes  their  progrefs.     Thus,  by  a  double 
effect,  the  haUs  are  put  in  motion,  and  separated. 

We  shall  have  a  more  distinct  conception  of  the  phe- 
nomena, by  conceiving  the  balls  of  gum-lac.  after  having 
been  electrixed,  to  have  had  their  surface  covered  with  a 
layer  of  some  substance  impermeable  to  electricity,  so  that 
the  iiuid  with  which  they  are  charged  ia,  as  it  were,  im- 
prisoned betwixt  the  two  non-conducting  materials.  It  is 
evident,  that  all  the  repulsive  actions  which  are  exerted 
bet  wist  the  electric  molecules  are  transmitted  immediately 
to  the  ponderable  matter,  by  the  simple  fact  of  the  passive 
resistance  which  they  present.  The  layer  of  air  which 
envelopes  the  bodies  produces  precisely  the  same  effect  as 
this  imaginary  shell  impermeable  to  electricity. 

Just  as  the  balla  charged  with  the  same  electricity  repel 
each  other,  those  charged  with  the  contrary  fluids  ought  to 
be  dragged  and  attracted  towards  each  other,  by  the  effort 
which  the  molecules  make  to  be  reunite^*  The  same  reason- 
ing applies  to  all  bodies,  whatever  their  forms  ;  and  it  is 
evident,  that  if  a  non-conducting  body,  taken  in  its  naturid 
state,  is  neither  attracted  nor  repelled  l^  an  electrised 
body,  it  is  simply  because  its  fluids  not  being  dcccmiposed 
by  influence,  and  separated  the  one  from  the  other,^  there 
are  two  contrary  actions,  the  one  attractive,  the  other  re- 
pulsive, which  are  invariably  equal,  and  consequently 
counteract  each  other. 

The  motion  of  electrized  conductors  is  the  result  of  the 
pressure  which  the  fluid  exerts  against  the  air,  or  in  gene- 
ral against  the  impermeable  envelopes  which  limit  their 
surfaces ;  far  the  air  may  be  considered  as  an  impermeable 
envelope.  A  conducting  body  is,  in  its  natural  state,  always 
attracted  by  an  electrifed  body,  because  the  fluids  being 
separated  by  influence,  and  the  one  of  contrary  name  being 
always  attracted  to  the  nearest  part,  the  attraction  whii^ 
is  exerted  on  it  is  always  more  efficacious  than  the  repulsion 
which  is  exerted  on  the.  other  at  a  greater  distance. 
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Section  II. 

OALVANISM,    OR    VOLTAIC    ELKCTRICITT—- BLECTROMOTITB   rORCK— VOli- 

TAIC    FILE DIFFEESMT    KINDS    OF     PILE FORCES    AMD    EFFECTS    OF 

THE    FILE. 

272.  The  experiments  of  Galvani  of  Bologna  paved  the 
way  for  a  new  branch  of  Physics^  which  is  termed  Gralva* 
nism^  after  the  illustrious  philosopher  with  whom  it  origi- 
nated, or  Voltaic  Electricity^  from  the  vast  extension  and 
generalization  which  this  science  received  from  the  re- 
searches of  Volta. 

Galvanic  about  the  year  1790,  observed  convulsive  mo- 
tions produced  in  the  limh»  of  a  frog  which  had  been 
recently  killed,  when  a  metallic  connexion  was  established 
between  the  nerves  and  muscles.  This  phenomenon  was 
observed  not  to  be  confined  to  frogs ;  but  similar  convulsive 
motions  were  produced  after  death  in  many  other  animals, 
insects,  reptiles,  and  fishes.  Previously  to  the  observation 
of  these  phenomena,  Galvani  had  conceived  some  peculiar 
notions  respecting  a  nervous  or  vital  fluid,  and  he  conse- 
quently readily  invented  an  explanation  of  the  phenomena, 
which  was  in  accordance  with  his  preconceived  hypothesis. 
The  commotions  of  the  frog,  he  said,  were  excited  by  ar 
fluid  which  passes  along  the  nerves  and  muscles,  in  conse- 
quence of  the  external  communication  which  is  established 
among  them.  He  made  many  experiments  with  the  view 
of  ascertaining  whether  this  fluid  existed  in  the  nerves  or 
in  the  muscles  ;  but  not  succeeding  in  these  researches,  he 
considered  the  muscles  as  a  Leyden  jar,  whereof  the  jn- 
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tenor,  charged  with  electricity^  is  constantly  tending  to  an 
equilihrium  with  the  exterior  ;  the  nerves  were  conceived 
to  act  as  conductors;  any  conducting  substance,  then,  bemg 
brought  into  contact  with  the  nerve,  so  that  a  communication 
is  established  between  it  and  the  surface  of  the  muscle,  the 
equilibrium  is  instantly  restored,  and  a  sudden  contraction 
of  the  fibres  is  the  consequence.  This  explanation  appeared 
so  plausible,  that  it  was  received,  and  tbe  new  fluid  termed 
the  Galvanic.  The  phenomena  themselves  excited  great 
admiration  throughout  the  whole  of  Europe;  but  the  theoij 
of  Galvani,  and  the  hopes  of  discovering  a  new  fluid,  the 
principle  of  life,  added  a  charm  to  the  inquiry  which  existed 
in  few  other  pursuits. 

The  hypotheses  of  Ghdvani  gave  a  most  powerful  stimu- 
lus to  philosophers;  but  inasmuch  as  they  could  not  be 
followed  out  without  admitting  the  most  vague  conjectures, 
they  were  soon  successfully  opposed  by  the  genius  of  Volta* 
Celebrated  by  numerous  discoveries  in  electricity,  Volta 
repeated,  with  great  care,  all  the  experiments  of  Gralvani 
and  his  followers ;  full  of  enthusiasm  respecting  the  facts, 
he  gave  but  a  conditional  consent  to  the  bypotheses,  and 
soon,  with  great  sagacity,  seized  on  a  fact  wbicb  had  escaped 
the  most  acute  observers.  When  the  conductor  which  es- 
tablishes the  communication  betwixt  the  musele  and  the 
nerve  is  a  single  metal,  the  contraction  is  always  exceed- 
ingly small,  sometimes  scarcely  sensible ;  on  the  contrary, 
when  the  conductor  is  composed  of  two  metals,  it  is  always 
very  powerful.  From  this  fact  Volta  drew  the  following 
inference ;  that  though  there  is  a  fluid  concerned  in  the 
phenomenon,  the  animal  is  not  a  Leyden  jar ;  the  fluid 
which  causes  the  excitement  is  neither  in  the  muscles  nor 
in  the  nerves,  it  is  in  the  metals ;  it  is  developed  by  their 
contact;  it  is  nothing  else  than  the  common  electric 
fluid. 

Gralvani  endeavoured  to  support  his  hypothesis  of  animal 
electricity,  by  urging  the  convulsions  excited  by  a  single 
metal,  and  Volta,  so  far  from  disputing  the  phenomena, 
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announced  them  himself,  and  drew  from  them  support  to 
his  own  opinions.  There  is  some  heterogeniety  in  every 
part  of  a  conducting  arc ;  this  is  inseparable  from  bodies  ; 
some  extraneous  substance  will  always  be  present,  either  in 
the  conductor,  or  in  the  nerve  of  the  animal,  introduced 
during  its  preparation ;  and  when  apparent  convulsions  are 
not  produced,  as  is  sometimes  the  case  by  a  single  metal, 
they  will  always  occur,  if  one  part  be  rubbed  by  any  foreign 
metallic  substance.  The  imperceptible  particles  which 
attach  themselves  give  a  heterogeniety  which  is  sufficient ; 
the  contact  of  the  metal  with  these  strange  particles  gives 
rise  to  the  electricity  which  is  developed.  That  which  is 
homogeneous  to  chemical  analysis,  is  not  absolutely  so;  and 
could  art  or  nature  furnish  a  conductor  of  perfect  purity, 
the  effect  would  still  be  produced,  for  the  nerves  and 
muscles  would  not  be  homogeneous  at  the  pointa  of  con- 
tact. The  difference  of  their  structure  is  sufficient  to  pro- 
duce the  phenomena ;  for  Galvani  having  prepared  a  frog, 
with  great  care,  obtained  contraction  by  mere  contact  be- 
tween the  muscles  and  nerves  of  the  animal  itself;  which 
was  strongly  urged  against  the  theory  of  Volta.  But  it 
was  subsequently  shewn  that  electricity  may  be  produced 
by  the  mere  contact  of  two  metals ;  so  that  the  new  facts 
urged  by  Gralvani  tended  to  generalize  and  establish  the 
opposing  theory ;  thus  the  animal  electricity  of  Gralvani 
might  with  equal  propriety  be  called  metallic  electricity* 
Volta  soon  established  the  fact,  that  the  kind  of  action,  or 
new  force,  which  is  brought  into  play  when  two  different 
metals  touch  each  other,  and  are  connected  by  any  moist 
body,  depends  entirely  on  the  metals. 

273.  Electromotive  force* — The  new  force  just  spoken 
of,  whicli  is  exerted  betwixt  metallic  and  other  heterogene- 
ous substances,  is  termed  electromotive;  it  is  produced 
when  contact  takes  place;  it  resides  in  the  surface  at 
which  the  juncture  is  effected,  and  there  decomposes  the 
natural  electricity,  and  may  be  said  to  separate  the  two 
fluids,  so  that  the  vitreous  passes  into  one  body,  and  thr 
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resinous  into  the  other.     The  diaracteristics  of  this  force, 
in  the  language  of  the  modem  theory  of  electricity,  are  the 
following:  it  produces  the  decomposition   of  the  natural 
fluids,  and  prevents  their  reoomposition ;   by  the  former 
effect  the  vitreous  fluid  is  driven  into  the   zinc,  and  dis- 
persed throughout  its  whole  extent  in  virtue  of  its  proper 
repulsion,  whilst  the  resinous  fluid  is  in  a  similar  manner 
repelled^  and  dispersed  in  the  copper  ;  by  the  latter  eflfect 
the  contrary  fluids  are  kept  near  each  other,  the  one  to  the 
right,  the  other  to  the  left  of  the  surface,  which  is  in  con- 
tact, without  the  power  of  passing  over  this  surface,  and  i^ 
being  recompounded  in  virtue  of  their  mutual  attraction. 
To  form   a  more  distinct  idea  of  this  resistance  or  ob- 
stacle,  let  us  suppose  for  an    instant   that    there  is  no 
decomposition  on  contact,  and  that  some  vitreous  fluid  is 
communicated  artificially  to  the  zinc:  this  fluid  will  not 
then  pass  to  the  copper,  the  electromotive  force  will  present 
itself  as  an  obstacle  to  arrest  it;  but  if,  on  the  contrary,  some 
resinous  fluid  be  communicated  to  the  zinc,  it  is  probable 
that  this  fluid  passes  entirely  to  the  copper.     The  converse 
phenomena  will  present  themselves  if  the  copper  be  elec- 
trized resinously  or  vitreously. 

Considered  as  opposing  an  obstacle  to  reoomposition,  the 
electromotive  force  has  its  limits ;  that  is,  it  is  unable  to  stop 
some  charges  of  vitreous  fluid  in  the  zinc,  and  some  of  re- 
sinous fluid  in  the  copper.  So  soon  as  these  charges,  acquired 
naturally  by  contact,  or  communicated  artificially,  attain  a 
certain  tension,  they  can  pass  the  surface  of  the  junction, 
and  expand  in  all  directions,  or  recombine  ;  but  in  this  case 
the  electromotive  force  arrests  all  that  it  has  the  power  of 
doing.  The  electromotive  force  when  it  produces  decom- 
position acts  instantaneously  and  permanently ;  perma- 
nently, because  it  is  always  ready  to  act  when  the  tension 
is  not  what  is  necessary  for  Galvanic  equilibrium  ;  and 
instantaneously,  because  only  an  inappreciable  portion  of 
time  is  requisite  for  the  tension  to  attain  its  maximum. 
The  tension  is   found  to  be  small,  for   a  plate    of  zinc 
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does  not  charge  the  condenser  when  insulated,  whereas 
it  charges  it  instantly  when  in  communication  with  the 
ground.  The  electric  tensions  developed  and  retained  hy 
the  electromotive  force  are  not  the  same  for  all  bodies. 
The  metals  are  good  electrometers ,  although  there  is  a 
marked  difference  in  these,  and  in  general  other  suhstances 
are  said  not  to  be  electrometers,  because  they  produce  only 
very  small  effects ;  but  when  examined  with  very  delicate 
instruments  they  also  are  found  to  develop  electricity  by 
contact;  only  the  tensions  produced  are  incomparably 
more  feeble  than  those  produced  by  metals. 

The  electromotive  force  thus  discovered  by  Volta  must 
be  considered  as  a  force  universally  operating  on  the  con- 
tact of  all  the  molecules  of  heterogeneous  substances, 
incessantly  decomposing  the  electric  fluids,  and  giving  rise 
to  new  forces  whose  effects  are  sensible  on  ponderable 
matter.  The  elements  of  which  the  mass  of  our  globe  is 
compounded,  whether  at  the  surface  or  at  depths  below, 
are  mixed  up  in  such  a  manner  that  there  is  every  where' 
heterogeneity  amongst  the  particles  in  contact ;  what  an 
infinity  of  different  substances  are  in  contact  in  the 
masses  of  organized  and  unorganized  matter,  and  what 
a  multitude  of  electrical  actions,  if  these  views  be  correct, 
must  every  where  develop  themselves!  The  vegetable 
mould  of  the  earth's  surface,  the-  stones,  the  rocks,  the 
leaves,  the  various  strata,  are  but  an  aggregation  of  different 
principles,  among  which  the  electromotive  force  must  act 
with  greater  or  less  intensity.  A  single  glance  will  shew 
the  fecundity  of  this  principle,  and  that  the  first  observers 
were  not  presumptuous  in  their  belief,  that  the  laws  of 
Galvanism,  or  Voltaic  electricity,  would  furnish  a  key  to 
innumerable  phenomena. 

274.  Construction  of  the  Voltaic  pile. — The  pile  is  con- 
structed with  three  different  substances,  whereof  two  are 
metallic  and  good  electrometers,  and  the  third  is  non- 
metallic,  but  a  good  conductor,  and  of  very  feeble  electro- 
motive power. 

2n 
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The  metals  which  serve  hest  for  the  parpose  are  zinc 
and  copper ;  the  former  furnishing  the  potiiice  elemadt 
of  the  pile,  and  the  latter  the  negative  elements;  two 
elements,  united  or  soldered  together,  compose  what  is 
termed  a  pair  or  couple* 

The  non-metallic  substance  is  called  the  conductor;  some- 
times it  is  a  moist  cloth,  that  is,  a  roll  of  doth  or  paper 
dipped  in  pure  water,  or  in  an  acid,  alkaline,  or  salt  seda- 
tion ;  sometimes  the  solution  itself  is  the  condactor ;  some- 
times a  dry  body,  and  then  the  pile  is  called  the  dry  pile* 

Let  us  conceive  now  a  plate  c  of  copper,  that  is,  a  negadfe 
element,  communicating  with  the  ground  by  a  non-metallic 
conductor,  as  n.     On  its  upper  surface 
let  a  plate  z  of  zinc  be  placed,  of  the 
same  dimensions ;    at  the  instant  of 


contact  the  electromotive  force  exerts      _  isvy^*^  yvkyk^yUAiuuc 
its  action — the  resinous  fluid  which  is     g  r^^^/^^^ 
developed  passes  over  the  copper  and        ^SS^:^^3C 


flows  into  the  ground  ;  the  vitreous        -, ^-  ■■■■■■y 


=^^^^^c 


fluid,  on  the  contrary,  passes  over  the     ^^^^^^^^C 
zinc,  and  is  thus  accumulated  until  it  \T 

has  acquired  the  maximum  tension 
which  the  electromotive  force  is  capable  of  retaining:  this 
takes  place  instantaneously ;  the  tension,  or  rather  the 
thickness  of  the  electricity  which  produces  it,  being  repre* 
sented  by  unity,  we  say  that  the  copper  is  in  its  natural 
state  whilst  the  zinc  is  covered  with  a  thickness  unity  of 
vitreous  electricity.  If  by  any  means  we  remove  from  the 
zinc  a  part  of  the  fluid  with  wliich  it  is  covered,  it  will 
no  longer  have  the  thickness  unity  which  it  ought  to 
have;  the  electromotive  force  will,  however,  by  a  new 
development,  reproduce  exactly  that  which  will  make  up 
the  loss,  and  there  will  be  an  equal  development  of  the 
resinous  fluid,  which  will  pass  into  the  ground.  For  each 
portion  of  the  fluid  which  is  in  that  way  removed  from 
the  zinc,  there  will  be  a  sudden  reparation,  whereby  the 
thickness  unity,  which  is  the  state  of  Galvanic  equilibrium. 
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will  be  immediately  restored.  If  a  communication  be  made 
also  between  the  zinc  and  the  ground  by  a  non-metallic 
thread,  the  vitreous  fluid  will  flow  away  in  a  never-ceasing 
current^  and  be  as  incessantly  restored ;  the  resinous  fluid 
also  developed  on  the  copper  will  flow  away  in  the  same 
manner;  so  that  if  the  two  non-metallic  threads  which 
touch  the  zinc  and  the  copper  be  brought  near  each  other, 
the  fluids  will  be  recomposed  at  the  point  of  contact^  and 
^ere  will  be  a  continuous  circulation  or  current  of  elec- 
tricity :  the  fluids  will  be  separated  during  the  contact  of 
the  metals,  and  recompounded  at  the  point  of  contact  of 
the  conducting  threads. 

Let  the  copper  only  be  in  communication  with  the 
ground^  and  let  there  be  placed  on  the  zinc  a  piece  of 
moist  cloth  or  card.  Vitreous  electricity  will  be  deve- 
loped and  separated  from  the  zinc;  but  the  loss  being 
instantly  restored,  the  thickness  which  we  have  called  unity 
en  the  cloth  and  zinc  will  be  the  same  as  at  first.  The 
same  state  of  things  will  be  obtained  if  a  plate  of  copper  be 
placed  on  the  moist  cloth,  for  no  electromotive  force  exists 
between  these  substances.  If  now  a  second  plate  of  zinc 
be  placed  on  this  second  plate  of  copper^  the  phenomena 
are  more  complicated,  and  it  is  here  that  the  true  principle 
of  the  accumulation  of  the  electricity  in  the  pile  shews 
itself.  Suppose  for  an  instant  that  the  action  of  the  elec- 
tromotive force  is  suspended  in  this  second  couple;  it  is 
evident  that  the  zinc  will  receive  a  thickness  unity  of  the 
vitreous  fluid,  just  as  the  moist  cloth  and  the  plate  of 
copper  had  previously  done,  and  as  soon  as  the  electromo- 
tive force  acts,  this  thickness  will  become  equal  to  two  on 
the  second  zinc,  because  it  must  always  exceed  by  unity 
that  of  the  copper  with  which  it  is  in  contact.  At  the 
fame  time  the  resinous  fluid,  which  will  be  developed  on 
the  copper,  will  be  destroyed  by  the  vitreous  fluid,  which 
already  e'xists,  and  there  will  be  in  the  first  couple  a  fresh 
development,  by  which  the  first  zinc,  as  well  as  the  first 
cloth  and  the  second  capger,  will  be  restored  to  the  state 
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expressed  by  the  thickness  unity  of  electricity.  By  means 
of  this  arrrangement  the  second  zinc  must  have  for  its 
equilibrium  a  thickness  of  the  Titreons  fluid  double  that 
which  exists  on  the  first. 

On  the  same  principles  the  2^  linen  fold  and  3^  copper 
will  have  the  same  thickness  2,  whilst  the  3*^  zinc  will 
have  a  thickness  3.  The  4^  sine  will  have  a  thickness  4, 
the  10""  a  thickpess  10,  and  the  lOOO'*'  a  thickness  1000. 

Thus  there  exists  no  Umit  to  the  thickness  which  inaj 
be  accumulated  at  the  surface  of  a  pile  of  this  kind,  sinee 
there  is  no  limit  to  the  number  of  elements  which  may  be 
superposed ;  and  the  first  zinc  being,  as  we  have  seen,  an 
inexhaustible  source  of  vitreous  electricity^  whose  thjckrim 
is  unity,  the  1000<i>  zinc  will  be  an  inexhaustiUe  source  for 
electricity  whose  thickness  is  1000.  Such  is  the  admiraUe 
contrivance  by  which  Volta  was  enabled  to  develop  and 
accumulate  an  indefiinite  thickness  of  electricity  without 
either  friction  or  pressure,  and  by  simply  placing*  in 
contact  certain  bodies  disposed  in  a  determinate  orcfer. 
The  pile  of  which  we  have  just  explained  the  construction 
is  termed  the  columnar  pile. 

2/0.  The  insulated  ps/«.— The  extremity  of  the  pile 
which  is  terminated  by  a  plate  of  zinc,  is  called  the  zinc 
or  the  positive  extremity,  or  the  positive  pole.  That  ter- 
minated by  the  copper  is  called  the  oc^per  or  negative 
extremity,  or  the  negative  pole.  In  the  arrangement  of 
which  we  have  just  spoken,  the  n^ative  pole  conununicatet 
with  the  ground,  the  positive  pole  being  insulated,  and  on 
the  whole  pile  there  is  vitreous  fluid,  the  thickness  of 
which  goes  on  increasing  from  the  I'^zinc,  where  it  is  unity, 
to  the  100%  where  it  is  100,  supposing  the  pile  to  ocmsist 
of  100  couples.  Let  us  conceive  now  another  pile  with 
this  only  difference,  that  the  positive  pole  communicates 
with  the  ground,  the  negative  pole  remaining  insulated ;  it 
is  evident  that  there  will  be  every  where  resinous  fluid,  of 
which  the  thickness  goes  on  increasing  from  the  1"*  copper, 
that  is,  the  one  touching  the  zinc  in  communication  with  the 


SECT.  II.  LAWS   OP    VOLTAIC   BLBCTRICITY.  413 

ground^  where  it  will  be  unity,  to  the  last,  where  it  will  be 
100.  If  now  these  two  piles  be  placed  end  to  end,  a  moist 
cloth  only  being  placed  between  the  two  poles  which  com- 
municate with  the  ground,  there  will  be  a  single  pile  of 
200  couples,  whereof  each  half  will  preserve  the  equi- 
librium of  electricity  which  it  had  at  first.  Thus  the 
middle  will  be  in  its  natural  state,  the  communication  by 
the  threads  having  been  broken.  Starting  from  that  point 
there  will  be  on  one  side  vitreous,  on  the  other  resinous 
electricity :  these  electricities  cannot  be  reunited,  and  their 
thicknesses  always  increasing  by  equal  differences  for  each 
couple,  will  be  100  at  each  pole.  If  now  this  equilibrium 
be  disturbed  by  removing  some  electricity  from  one  of  the 
poles,  the  zero,  or  the  point  which  is  at  its  natural  state, 
will  be  for  the  instant  displaced;  the  pole  which  is 
touched  will  have  a  thickness  less  than  100,  and  the  other 
pole  will  have  a  thickness  greater  than  100 ;  soon,  how- 
ever, the  loss  by  the  air  diminishing  more  rapidly  the 
electrical  thickness  of  the  more  powerful. pole,  the  zero 
will  return  to  the  middle,  and  the  equilibrium  will  be 
restored.  Thus,  in  every  insulated  pile,  the  final  arrange- 
ment of  the  electricity  is  such  that  the  middle  is  in  the 
natural  state,  whilst  the  two  halves  are  charged  with  dif- 
ferent fluids,  the  thickness  of  these  fluids  increasing  by 
unity  as  we  pass  from  each  couple  to  the  next  succeeding. 
276.  The  active  pi/^.— The  poles  of  the  insulated  pile 
being  inexhaustible  sources  of  opposite  electricities,  it  is  evi- 
dent that  if  each  be  placed  in  communication  with  a  me- 
tallic wire,  the  wire  will  partake  of  the  fluid  of  the  pole 
with  which  it  is  in  contact,  and  thus  we  shall  have  two 
conductors,  the  one  positive,  the  other  negative,  which,: 
being  brought  together,  will  occasion  a  continual  recompo- 
sition.  Betwixt  the  two  wires  there  will  be  a  spark,  and 
others  will  follow  in  succession  at  small  intervals ;  thusr 
there  is  a  perpetual  current  of  fire :  this  pile  is  an  inex- 
haustible battery,  which  is  constantly  being  discharged. . 
When  the  wires  are  placed  in  contact,  and  the  circuit  of  the 

2n2 
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pile  is  thus  closed,  the  sparks  disappear,  bat  the  electrical 
effects  are  nevertheless  not  destroyed.  The  fluids  continue 
to  develop  themselves  in  every  couple,  between  all  the  ele- 
ments, and  are  recompounded  at  all  points  of  the  conduct- 
ing wires,  which  join  the  two  poles  of  the  pile.  Thus,  while 
without  every  thing  appears  immoyeabley  within  everj 
thing  is  in  activity  and  motion.  One  of  the  most  striking 
proofs  of  this  rapid  circulation  of  electricity,  is  the  pbe- 
nomenon  presented  by  a  thin  metallic  thread,  interposed 
between  the  conductors,  so  as  to  close  the  circuit :  it  wiD 
become  suddenly  heated,  or  even  red  hot^  and  if  the  metal 
be  easily  fiisible  it  will  fall  in  drops.  The  remarkable 
efiects  produced  on  water  and  other  substances  when  placed 
betwixt  the  poles  of  this  pile,  so  as  to  complete  the  drcait, 
are  well  known. 

277.  The  force  of  a  ptVe.— There  are  three  things  to 
be  distinguished  from  each  other  in  a  pile — the  force  of 
production,  the  force  of  propagation,  and  the  ffarce  of 
tension. 

1®.  The  force  o£  production  depends  on  the  electromotive 
force,  that  is,  the  energy  with  which  the  fluids  are  sepa- 
rated on  the  contact  of  the  elements.  We  have  already 
seen  that  all  the  metals  do  not  take  on  contact  equal  electri- 
cal charges,  or  an  equal  thickness  of  electricity  ;  thus  two 
piles  altogether  similar,  but  constructed  with  difl*erent 
metals,  cannot  produce  in  the  same  time  the  same  quantitj 
of  fluid.  It  fortunately  happens,  that  two  of  the  cheapest 
metals,  namely,  zinc  and  copper,  are  of  all  known  substances 
those  which  acquire  the  strongest  electrical  charges  on  con- 
tact. Consequently,  the  piles  constructed  with  these 
metals,  other  circumstances  being  similar,  possess  the  great- 
est force  of  production. 

2^  The  force  o£  propagation  of  the  pile  depends  only  on 
the  nature  and  on  the  dimensions  of  the  conductor  which 
separates  the  couples ;  for  the  electricity  cannot  reach  the 
poles  previously  to  its  being  transmitted  along  the  wire 
without  first  having  traversed  all  the  moist  cloths,  or  all 
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the  intervals  which  exist  between  the  couples :  if  it  is  re- 
tarded in  this  motion  by  the  imperfect  nature  of  the  con- 
ductor, the  pile  gives  at  first  a  discharge,  in  consequence  of 
the  tension  which  it  possesses  at  the  two  extremities,  but 
after  this  first  shock  the  propagation  slackens ;  on  the  con- 
trary, if  the  conductor  is  sufficiently  good  to  offer  a  free 
passage  to  the  fluids  which  is  incessantly  developed  between 
its  elements,  the  propagation  is  rapid  and  always  equal.  In 
all  these  cases^  the  length  of  the  circuit  of  the  pile  must  be 
considered  as  a  species  of  canal,  along  which  the  electric 
fluids  move  with  greater  or  less  velocity  and  ease,  accord- 
ing as  the  conductors  are  more  or  less  perfect :  the  wire 
which  joins  the  poles  only  permits  that  quantity  of  fluid  to 
pass  in  a  given  time>  which  has  traversed  the  pile  in  the 
same  time ;  whence  it  follows^  that  the  force  of  propagation 
of  the  pile  is  in  the  inverse  ratio  of  the  thickness,  and  in  the 
direct  ratio  of  the  breadth  of  the  conductor  of  the  pile ; 
these  being  the  laws  which  the  conducting  powers  of  bodies 
are  found  to  follow.  Water  is  a  bad  conductor ;  every 
pile^  consequently,  charged  by  pure  water,  has  a  small  force 
of  propagation.  Hence  saline  or  alkaline  solutions  are 
employed,  and  generally  acid  solutions;  water  containing 
^th  of  sulphuric  or  ^j^^'  of  nitric  acid  is  the  liquid  generally 
employed ;  this  liquid  gives  a  sufficient  passage  to  the  elec-. 
trie  fluids,  and  at  the  same  time  does  not  exert  a  chemical 
action  of  sufficient  power  to  corrode  too  fast  the  elements 
of  the  pile. 

3^.  The  force  of  tension  changes  with  the  nature  of  the 
elements  of  the  pile,  but  is  always  proportional  to  their 
number,  unless  the  conductors  are  bad.  We  have  seen  that 
the  tension  on  the  2"**  zinc  is  double  that  which  it  is  on  the 
I'S  that  it  is  triple  on  the  third,  and  so  on;  but  if  the 
electromotive  force  which  is  exerted  on  the  contact  of  the 
zinc  and  the  copper  can  accumulate  on  the  zinc  a  tension 
of  vitreous  electricity  double  the  tension  which  it  would 
accumulate  on  any  other  metal,  on  iron  for  instance,  it  is 
evident,  that  for  the  same  number  of  elements,  the  tension 
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of  a  pile  of  xinc  and  copper  would  always  be  double  the 
tension  of  a  pile  of  iron  and  copper.  It  is  tbus  that  the 
'tension  depends  on  the  nature  of  the  elements.  But  it  does 
not  depend  either  on  their  magnitude  or  on  the  extent  of 
the  touching  surface,  as  xnay  easily  be  shewn  by  construct- 
ing two  similar  piles ;  that  is,  two  piles  of  the  same  number 
of  couples,  with  the  same  conductor,  but  with  elements  of 
different  sizes ;  as,  for  instance,  the  surface  of  the  plate  heing 
one  and  three  inches  square,  then  with  a  proof  plane,  or 
with  a  condenser,  we  may  examine  the  electricity  at  ^heir 
poles,  and  we  shall  find  it  of  the  same  tension  in  both 
cases,  whether  the  piles  be  insulated  or  not.  Lastly,  if 
two  piles  be  constructed,  whereof  the  elements  of  one  are 
in  contact  throughout  their  whole  extent,  while  those  of  the 
other  touch  only  at  small  portions,  the  tensions  will  be 
the  same,  provided  there  be  no  defect  in  the  conductors. 

278.  Different  kinds  of  pile. — It  would  be  foreign  to 
our  present  purpose  to  describe  the  different  forms  and 
kinds  of  pile,  or  the  infinite  variety  of  modifications  in  the 
mode  of  bringing  into  operation .  the  preceding  principles, 
or  of  developing  Voltaic  electricity.  The  columnar  pile, 
which  we  have  just  explained,  though  convenient  for  illus- 
trating the  principle  of  the  construction  of  all  piles,  has 
great  practical  inconveniences.  The  lower  cloths  or  cards, 
compressed  by  the  weight  of  the  upper  elements,  will  dry 
quickly,  and  the  running  out  of  the  liquid  establishes  a 
communication  betwixt  the  couples,  which  diminishes  the 
total  efiect.  For  these  and  various  other  points  on  which 
our  limits  will  not  permit  us  to  enter,  we  must  refer  to 
other  treatises,  and  that  by  Dr.  Roget*  will  be  exceedingly 
useful  to  the  student. 

The  pile  employed  almost  exclusively  is  the  trough  pile: 
the  construction  is  well  known,  and  we  shall  only  say  a 
few  words  upon  the  principle  of  its  construction. 

*  On  Electricity,   Galyanism,  &c.  forming  part  of  the   Library  of 
Useful  Knowledge. 
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The  elements  being  rectangular,  and  soldered  together, 
will  thus  form  a  couple :  all  the  couples  may  be  arranged 
similarly  and  parallel,  in  a  wooden  case,  of  which  the  inner 
surface  is  covered  with  some  non-conducting  substance^  as 
mastic  varnish.  The  space  between  two  couples  forms  a 
trough  into  which  the  acid  solution  is  poured ;  these  thin 
strata  of  water  supply  the  place  of  the  moist  cloths  in  the 
columnar  pile ;  hence  great  care  must  be  taken  that  these 
successive  troughs  do  not  communicate  in  any  manner.  Or 
the  trough  pile  may  consist  of  several  cells,  into  which  the 
add  solution  is  poured,  and  the  elements  are  plunged,  when 
the  pile  is  to  be  put  into  activity.  Several  similar  piles  united 
together  compose  the  Gralvanic  or  Voltaic  battery.  The 
piles  may  be  united  in  two  ways ;  the  piles  consisting,  for 
example,  of  one  hundred  couples,  each  three  inches  square; 
if  two  of  these  be  united  by  making  the  two  negative 
poles  communicate  at  the  same  time,  and  also  the  two  posi- 
tive, there  will  be  a  battery  of  one  hundred  couples,  each 
consisting  of  six  square  inches ;  the  force  of  the  surfaces 
of  propagation'  will  be  doubled:  if^  on  the  contrary,  they 
be  united,  the  positive  pole  of  the  first  communicating 
with  the  negative  pole  of  the  second,  they  will  form  a 
battery  of  two  hundred  couples,  each  couple  being  three 
inches  square;  in  tliis  case  the  tension  will  be  doubled. 

279.  Effects  of  the  pile. — The  application  of  the  Voltaic 
pile  is  the  most  powerful  means  of  research  with  which  we 
are  acquainted ;  it  has  opened  a  completely  new  field  to  the 
modem  chemist.  The  efi*ects  which  are  generally  referred 
to  may  be  distinguished  into  the  three  classes  of  physio- 
logical,  chemical,  and  physical.  With  respect  to  the 
physiological  efiects,  we  may  refer  to  the  marvellous  cures 
which  are  said  to  have  been  efi*ected  by  currents  of  elec« 
tricity — ^to  the  facts  which  are  recorded  of  animals  recently 
killed  exhibiting  many  of  the  phenomena  of  life,  so  long  as 
they  are  placed  betwixt  the  poles  of  the  pile.  These  con- 
vulsive movements  cease,  however,  with  the  current.  Simi« 
larly,  animals  stupified  by  breathing  the  fumes  of  charcoal 
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may  be  brought  at  once  to  life  by  placing  them  betwixt  the 
poles  of  the  pile.  Among  the  chemical  effects  produced  by 
the  pile,  the  decomposition  of  water^  of  oxides^  and  the  at 
kalies,  are  the  most  remarkable.  The  discovery,  by  Davy, 
in  the  year  1807,  that  the  alkalies  soda  and  potash  could 
be  decomposed  by  a  very  powerful  Voltaic  battery,  vas  a 
grand  step  in  the  progress  of  science. 

Among  the  physical  effects  of  the  pile,  we  may  remark 
the  production  of  heat,  light,  and  magnetism.  This  last 
effect,  and  the  mutual  action  which  the  currents  exert  on 
each  other,  constitutes  the  science  of  electro^magnetism, 
which  we  shall  consider  hereafter. 


Section  III. 


lACNETISM —  NBUTRAL     LINE KATURS     OP      MAGKKTISM MAGNRI- 

ZATION    or     METALS — OSCILLATIOKS     AND     PEHTURBATIONS TERRIS* 

TRIAL    MAGNETISM. 


280.  There  exist  in  most  countries  of  the  world  mineral 
substances  possessing  the  property  of  attracting  iron.  These 
substances,  whatever  be  their  force  or  composition,  are  called 
natural  magnets,  or  loadstones ;  for  their  structure  has  more 
a  stony  than  a  metallic  appearance.  Loadstones  are  natu- 
rally extremely  feeble,  that  is,  they  exert  on  iron  an  attrac- 
tion which  is  in  some  cases  scarcely  sensible ;  when  placed 
in  contact  with  fine  iron  filings,  they  may  have  scarce  power 
enough  to  attract  any ;  but  their  power  may  be  concen- 
trated, so  that  a  mass  of  two  or  three  cubic  inches  may 
be  capable  of  sustaining  masses  of  many  pounds  weight 
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The  different  degrees  of  energy  which  exist  in  load- 
stones depend  on  some  peculiar  arrangement  of  their 
molecules.  If  the  force  were  proportional  to  the  mass^ 
there  would  be  instances  of  a  most  prodigious  intensity^ 
since  whole  mountains  exist  composed  of  the  attracting 
substance. 

The  attractive  force  which  exists  between  iron  and  load- 
stone is  seen  at  once  on  immersing  one  extremity  of  a  piece 
of  loadstone  into  iron  filings  or  turnings ;  the  particles  of 
the  iron  will  adhere  to  the  surface,  and  to  each  other,  so 
as  to  form  films  or  rays  of  metal.     This  adherence  of  the 
particles  to  each  other,  and  their  peculiar  arrangement^  is 
a  phenomenon  deserving  great  attention,  and  one  to  which 
we  shall  return  hereafter ;  at  present  we  shall  simply  re- 
gard them  as  proofs  of  an  attractive  force.     We  may  also 
present  to  a  loadstone,  according  to  the  degree  of  energy 
which  resides  in  it,  masses  of  greater  or  less  bulk ;    at  a 
certain  distance  below  it  they  will  appear  lighter,  and  being 
forcibly  attracted  will  come  into  contact  with  the  surface, 
and  remain  suspended  from  it ;  and  an  effort  depending  on 
the  energy  of  the  attraction  must  be  made  to  detach  the 
body.     A  small  ball  of  iron  being  suspended  by  a  delicate 
thread,  and  brought  near  a  loadstone,  we  shall  readily 
recognise  the  following  characteristic  qualities  of  the  attrac- 
tive  force — 1°,  it  is  exerted  at  a  distance;  2°,  that  it  is 
exerted  through  the  air,  a  vacuum,  and  all  bodies,   pro- 
vided they  be  not  of  iron ;  3°,  it  diminishes  as  the  distance 
increases. 

All  attractions  being  reciprocal  (Art.  33),  it  follows, 
that  if  the  loadstone  attracts  the  iron,  the  loadstone  is  itself 
attracted  with  the  same  energy,  and  according  to  the  same 
laws.  This  principle  may  be  verified  experimentally  by 
suspending  the  loadstone,  and  bringing  pieces  of  iron  to 
act  upon  it  at  different  distances.  This  attractive  force 
being  distinct  from  all  other  natural  forces,  has  received  the 
distinct  name  of  the  magnetic  force,  from  the  word  which 
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the  Greeks  applied  to  the  suUstuncw^  ei^bibitiDg .  the  phe- 
nomena* 

281*  Neutral  line  and  poiiss^^^Iron  aeema  to  be  related 
to  a  magnet  much  as  heavy  hodies  are  to  the  globe  of  our 
earth  :  the  mass  of  the  globe  attracts  bodies  on,  all  ado, 
and  presses  them  to  its  surface :  let  us  see  whether  the 
magnet  possesses  the  same  properties,  and  whether  all  its 
points  exert  a  similar  action  on  the  particles  of  iron^  attract- 
ing them  to  its  centre.  For  this  purpose  we  may.empkj 
an  instrument  called  a  magnetic  pendulum,  that  is,  a^mall 
ball  or  bar  of  iron  suspended  by  a  fine  thread.  If  a  oi^aet 
be  held  at  the  same  distance  from  the  pendulum,  w§  shall 
immediately  perceive  that  some  .points  of  its  surface  kD]fK« 
a  great  deviation  on  it,  whilst  others  produce  no  e%t; 
there  are  two  opposite  portions  which  shew  a  most;  em- 
getic  action,  and  in  the  intermediate  space  which  separatai 
Uiese  the  effect  is  exceedingly  small.  The  same  condusioD 
is  arrived  at,  whether  we  make  use  of  a  natural  magnet  of 
exceedingly  irregular  form,  or  of  an  artificial  ■jg$ga€i 
(Art  285)  of  the  form  of  a  cylinder,  or  an  eloog^ 
prism.  In  this  latter  case  we  may  see  distinctly  that  the 
transverse  sections  near  the  middle  produce  no  sensible  effect 
on  the  pendulum,  whilst  the  extreme  parts  act  with  great 
force.  On  the  surface,  then,  of  a  magnet,  ami  abwtits 
middle,  may  be  traced  a  line,  the  points  of  which  exezt  iu) 
attractive  action;  this  line  is  called  the  neutral Mm.-^^ 
the  magnet.  The  section  through  this  line  is  the  neutni 
plane  of  the  magnet.  This  plane  divides,  the  magnet  into 
two  portions,  each  of  which  contains  a  pole.  This  term  pole 
denotes  that  point  in  each  portion  at  which  the  attractioais 
most  powerful;  or  it  may  denote  an  ideal  point  satoated 
in  the  interior  of  the  magnet,  just  as  the  centre  of  irranty 
is  conceived  in  the  interiv>r  of  bodies,  or  in  the  mass  of  the 
globe  which  attracts  them;  for  the  particles  of  iroa  are 
not  acted  on  only  by  the  part  of  the  magnet  to  which  they 
attach  themselves,  they  are  solicited  by  all  the  portion  whbb 
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is  on  one  side  of  the  neutral  line^  and  the  resultant  of  all 
these  attractions  may  be  considered  as  applied  at  a  certain 
point  which  is  called  the  pole  of  this  portion  of  the  magnet. 
There  can  never  be  any  difficulty  in  distinguishing  the  sense 
in  which  this  word  is  employed ;  we  shall  in  many  cases 
employ  the  term  end  in  preference  to  the  preceding  term 
pole^  since  it  expresses  all  that  is  required,  without  involving 
any  hypothesis,  or  requiring  any  explanation.  There  are, 
moreover,  objections  to  the  employment  of  the  term  pole  as 
an  imaginary  point  at  which  the  forces  are  applied ;  since  this 
point  has  none  of  that  fixity  which  characterizes  the  point 
termed  the  centre  of  gravity ;  its  position  shifts  continually 
with  the  position  of  the  attracting  bodies. 

The  statement  which  we  have  just  made  may  be  verified 
and  illustrated  by  a  very  simple  experiment.  If  a  magnet 
be  rolled  in  iron,  the  way  in  which  the  filings  adhere  will 
shew  the  nature  of  the  forces.     The  accompanying  figures, 


for  instance,  may  be  supposed  to  represent  a  natural  and  an 
artificial  magnet ;  we  have  at  the  extremities,  e  and  E', 
large  clusters  of  filings  arranged  perpendicularly  to  the 
surfaces ;  at  the  middle  parts  they  become  smaller  and 
shorter,  and  at  a  line  n  n\  which  may  be  called  the  mean 
or  neutral  line,  none  will  adhere.  The  same  effects  will 
take  place  if  a  piece  of  card  be  laid  on  a  magnet,  and  iron 
filings  be  sifted  on  the  card ;  the  filings  will  arrange  them- 
selves about  the  two  ends  or  poles  of  the  magnet. 

One  remarkable  phenomenon  of  magnetism  is,  that  if  we 
break  a  magnet  into  two  or  more  pieces,  every  piece  will 
have  a  neutral  line  and  two  poles.  This  division  may  be 
carried  on  as  far  as  we  please — each  portion  will  1^  a  com- 
plete magnet. 

2o 
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282.  Attraction  and  repulsi€m  of  poin^ — If  a  magnet  be 
.su>|)cnde(l  horizontally  by  a  fine  thread,  as  represented  is 
till*  figure,  and  to  each  of  its  ends  we  present  sucoenirdT 


•1 


n= 


the  same  end  of  another  magnet^  one  end  will  be  attraetd 
and  the  other  repelled ;  the  ends  are  said  to  have  different 
names,  because  the  action  betwixt  them  and  the  same  pok 
of  a  mfignet  presented  to  them  is  in  different  directionst 
If  the  two  ends  of  the  first  magnet  have  different  names,  ft  is 
u.iturul  to  suppose  that  those  of  the  second  magnet  willsion' 
larly  have  different  names,  and  that  the  same  is  the  case  witi 
all  other  magnets.  In  fact,  if  the  second  magnet  be  turned, so 
that  its  other  end  acts  on  the  suspended  needle,  we  shall  see 
that  the  effects  arc  exactly  contrary  to  the  preceding ;  namelj, 
A  is  repelled,  and  B  attracted :  the  ends,  then,  of  the  Iree 
magnet  which  we  hold  in  our  hands  have   also  difierent 
names.,  since  the  one  attracts  that  which  the  other  repeb, 
and  conversely.  Every  magnet  presents  the  same  phenomena. 
Those  ends  which  act  in  the  same  manner,  either  on  the 
end  A  or  B  of  the  suspended  needle,  have  the  same  name> 
These  ends  being  marked  for  the  sake  of  distinction,  if  one 
magnet  be  suspended  so  that  the  others  may  rest  upon  it, 
we  shall  see  that  all  the  ends  of  the  same  name  repel  each 
other,  whilst  all  the  others  of  contrary  names  attract  each 
other.     We  shall  hereafter,  (Art.  286),  for  the  sake  of  dis- 
tinction, and  according  to  the  suggestion  of  Mr.  Christie, 
speak  of  the  two  ends  of  the  magnet  as  the  marked  end  and 
the  unmarked  end ;  the  adoption  of  these  terms  will  pre- 
vent confusion  in  the  present  state  of  science. 
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^       Thus,  on  each  side  of  the  neutral  line,  in  the  two  halves 

,  of  a  magnet,  there  exist  two  forces,  which  at  first  seem 

^  identical  because  they  act  in  the  same  manner  on  iron,  and 

which  are  in  reality  two  opposite  forces,  because  they  act 

in  different  directions  on  the  magnet,  the  one  attracting  the 

point  which  the  other  repels.    The  neutral  line  is  the  limit 

of  these  two  opposing  forces ;  it  is  the  passage  from  the 

one  to  the  other ;  and  hence  arises  the  neutrality  which  is 

observed.     These  two  forces  tend  incessantly  to  neutralize 

or  to  destroy  ;  and  if  we  could,  for  example,  incorporate  in 

a  given  magnet  another  of  the  same  force  and  dimensions, 

so  that  the  ends  with  different  names  should  correspond, 

instead  of  two  equal  magnets  we  should  have  an  inert 

mass  entirely  deprived  of  its  magnetic  qualities.  The  simple 

superposition  is  not  sufficient  to  complete  the  destruction  of 

effects,  since  the  different  parts  of  one  of  the  magnets  do 

not  act  at  the  same  distance  as  the  corresponding  parts  of 

the  other ;  but  nevertheless,  there  is  in  this  case  a  sensible 

-reduction  in  the  intensity  of  the  force,  as  may  be  shewn  at 

once  in  the  following  manner. 

A  horizontal  magnet  sustains  at  its  ex- 
tremity,  a,  a  mass  of  iron,  c,  whereof  the 
weight  is  nearly  as  much  as  it  can  bear  : 
an  equal  magnet  is  brought  near  it,  the 

other  end  b  being  brought  near  a:  when  the 

distance  is  sufficiently  small,  the  mass  c  be-    ^ -^ 

comes  detached,  and  falls  down ;  the  system  ri 

composed  of  the  two  magnets  cannot  carry  p::. 

near  so  much  as  either  of  them,  because  of  '«i|  ^ 

the  contrary  action  of  the  two  ends,  which  neutralizes  the 
effects.  If  some  iron  filings  be  presented,  so  as  to  form  a 
cluster  D,  these  will  immediately  be  detached  on  the  appli- 
cation of  the  second  magnet. 

It  is  almost  unnecessary  to  add,  that  if  the  end  of  the 
same  name  of  the  second  magnet  corresponds  with  the  end 
of  the  same  name  in  the  first,  the  mass  c  will  not  fall 
down,  but  we  may  augment  it,  and  almost  double  it,  with- 


B 
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out  its  falling ;  since  those  of  the  same  Dame  produce  cqi> 
spiring  actions,  the  total  effect  is,  with  some  modificatioiu^ 
the  sum  of  the  particular  effects. 

283.  Magnetic  action  may  be  aUributed  io  ajiuid.'^h 
attempting  to  ascend  to  the  origin  of  the  forces  which  yt^ 
duce  the  phenomena  of  magnetism,  we  readily  recogaiie 
that  they  are  not  like  gravity^  some  property  inherent  id 
ponderable  matter.  Chemical  analysis  shews  that  natural 
magnets  are  oxides  of  iron,  or  mixtures  contaiaing  different 
proportions  of  oxide  of  iron ;  the  oxigen  and  the  iron  Qie 
the  only  ponderable  elements  which  enter  into  the  ooonpo* 
sition  of  these  remarkable  substances.  But  neither  of  these 
substances  has  the  property  of  exerting  actions  similar  to 
the  magnetic,  and  it  is  hardly  conceivable  that  their  mole- 
cules take  by  combination  essential  properties  which  they 
did  not  possess  before  their  combination ;  for  it  does  not 
appear  that  the  form  or  arrangement  and  disposition  of  the 
molecules  of  ponderable  matter  give  rise  to  new  fbroe^ 
which  are  exerted  at  sensible  distances*  On  the  other 
handy  the  forces  inherent  in  ponderable  matter  may  be  aug- 
mented, diminished,  or  modified  in  a  thousand  ways,  but 
they  can  never  be  destroyed  or  disappear;  whereas  in  m^- 
nets  the  magnetic  forces  appear  to  be,  as  it  were^  acdidentaL 
If  a  magnet  be  heated  to  a  red  heat,  it  loses  none  of  its 
material  elements,  yet  all  its  magnetic  properties  vanish. 
On  being  cooled,  it  is,  so  far  as  its  matter  is  concerned, 
exactly  what  it  was  before ;  but  so  far  as  its  magnetism  is 
concerned,  it  is  absolutely  nothing,  for  it  no  longer  exerts 
any  action  on  iron.  And  what  is  more,  we  may  restore  its 
magnetic  properties  without  adding  or  subtracting  any 
ponderable  matter.  For  these  and  similar  reasons  we  are, 
on  viewing  the  whole  class  of  phenomena,  led  to  consider 
magnetism  as  due  to  a  peculiar  fluid  difiused  through  the 
heavy  particles  of  the  oxide  of  iron  which  constitutes  the 
magnet.  And  since  we  have  distinguished  two  magnetic 
forces  opposed  to  each  other,  we  arc  led  to  the  hypothesis  of 
two  fluids  of  contrary  character,  whereof  one  predominates 
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in  each  end  of  the  magnet.  In  all  magnets  the  same  ends 
have  the  same  predominant  fluid ;  and  since  they  repel  each 
other^  we  must  conclude  that  each  fluid  repels  itself:  the 
different  ends  have  different  fluids^  and,  since  they  attract 
each  other,  we  must  conclude  that  each  fluid  attracts  the  other 
fluid.  Thus  we  are  conducted  to  the  hypothesis^  that  there 
are  two  distinct  magnetic  fluids^  each  repelling  itself  and 
attracting  the  other. 

On  this  remarkable  hypothesis  we  may  remark,  that  it 
is  to  be  viewed  as  a  possible  explanation  of  the  phenomena; 
the  phenomena  are  such  as  may  be  conceived  to  result  from 
such  a  cause ;  but  we  are  far  from  asserting  such  to  be  the 
true  cause,  though  at  the  same  time  we  feel,  that  of  the' 
hypotheses  which  at  present  exist,  this  is  the  only  one  which 
can  be  admitted.  Before  the  hypothesis  can  be  considered 
as  fully  established,  the  known  results  must  be  unfolded  by 
mathematical  analysis,  with  great  accuracy,  and  others 
must  be  predicted,  of  which  we  are  at  present  in  ignorance 
(Art.  3).  Something  has  already  been  effected  in  this 
way ;  we  do  see  distinct  reasons  and  theoretical  explanation 
of  some  phenomena ;  but  the  mathematical  analysis  is  of 
a  character  to  be  grappled  with  by  none  but  minds  of  the 
most  superior  order. 

284.  Iron  rendered  magnetic,  —  The  influence  of  the 
natural  magnet  or  loadstone  will  attribute  similar  properties 
to  iron,  as  may  be  shewn  by  the  simplest  experiments.  If 
to  the  lower  extremity  of  an  iron  cylinder,  sustained  by 
magnetic  attraction,  we  present  some 
iron  filings,  they  will  form  a  cluster  D,    j.        .  ■*    I 

which  will  remain  attached  as  long  as  ell   

the  iron  is  suspended  from  the  magnet ;  Jw^ 

but  if  it  be  detached,  the  filings  imme- 
diately fall>  and  the  attractive  force  is  no  longer  exerts* 
It  is  not  the  attractive  force  of  the  magnet  which  acts  in 
this  case  at  a  distance  on  the  iron  filings,  and  retains  them ; 
for  if  the  attached  cylinder  be  not  of  iron,  the  phenomenon 
cannot  be  produced ;  and  the  following  facts  shew  the  cor- 

2o2 
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reetfiess  of  this  conclusion  :->-<-l%  the  fillets  of  fllingB  dimirasli 
in  length  as  we  recede  from  the  extremity  of  the  cylinder; 
29,  there  is  a  point  in  the  up|>er  pmrt  where  they  cannot 
attach  themselves^  and  which  is  the  situation  of  the  neutni 
line  ;  9*,  hevond  this  point  they  attach  tiieraselvieB,  but  in 
a  contrary  direction.  Thus  the  small  cylinder  is  most  truly 
a  magnet,  for  it  attracts  iron  filings,  has  a  neutral  Kne  and 
two  ends  or  poles ;  the  only  exception  being'that  the  neu- 
tral line  does  not  occupy  the  middle. 

But  we   may   attach   a   series   of     ^ ~-i 

cylinders  as  represented  at  a,  b,  c,  &c.  '  Jk 

and  so  form  a  sort  of  chain ;  if  the  ( ^ 

first  link  of  this  chain  be  removed, 
the  whole  breaks  up. 

Thus  we  must  conclude  that  iron,  as  well  as  the  natunil 
magnet,  contains  the  two  fluids ;  but  the  two  fluids  are 
here  combined,  that  is,  neutralised  by  each  other.     Hence 
we  see  why  iron  does  not  act  magnetically  on  iron^fbrtfatt 
which  is  attracted  by  one  of  the  fluids  is  repelled  by  the 
other  with  a  force  equal  and  opposite,  so  that  the  resultant 
action  is  nothing.     But  when,  on  the  contrary,  it  is  subject 
to  the  action  of  a  natural  magnet,  these  two  fluids  are  de- 
composed ;  the  one  is  attracted  and  the  other  repelled ;  a 
separation  is  effected  betwixt  them ;  the  former  flows  to^ 
wards  the  magnet,  the  latter  flows  to  the  opposite  end  of 
the  mass  of  iron,  and  there,  becoming  predominant,  attracts 
the  filings  which  are  presented  to  it.     We  are  then  led  to 
consider  the  natural  state  of  iron  as  nothing  else  than  a 
state  of  combination  of  the  two  fluids,  the  one  neutralising 
the  other ;  and  the  magnetic  state,  as  resulting  from  the 
more  or  less  complete  separation  of  the  two  fluids  by  the 
attraction  and  repulsion  which  they  experience  from  the 
magnet.     The  phenomenon,  however,  of  the  decomposition 
of  the  fluids  may  be  produced  in  several  ways,  and  the 
question  arises,  whether  the  fluids  really  experience  a  motion 
of  translation  by  which  they  pass  from  one  extremity  to  the 
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Other  of  the  mass^  or  whether-  they  experience  only  a  mole* 
cular  displacement ;  many  &cts  seem,  to  shew  that  4here  is 
no  motion  of  translation ;  but  oa  this  subject  we  cannot 
now  enter. 

285.  Magnetization  of  SWtf/.— The  filings  of  steel  are 
attracted  by  a  magnet  as  well  as  those  of  iron;  they  attach 
themselves  to  magnets  in  small  fillets  or  loops  of  sensible 
length.     Very  fine  steel  wire  is  preferable  to  iron  wire  of 
the  same  dimensions,  but  it  receives  the  magnetic  action 
more  slowly.     Small  pieces  of  steel,  and  especially  pieces 
of  steel  highly  hardened,  present  properties  entirely  distinct 
from  those  of  iron,  for  they  appear  at  first  not  to  receive 
any  influence  from  the  action  of  magnets.     If  we  attempt 
to  form  by  small  cylinders  of  hardened  steel  a  chain,  such 
as  described  in  the  last  article,  the  first  cylinder  will  not 
attach  itself,  and  the  experiment  which  succeeds  so  easily 
with  iron  will  in  this  case  fail.     Since,  however,  small 
particles  of  steel  can  be  attracted,  we  cannot  suppose  that 
the  magnetic  sensibility  is  destroyed  by  employing  larger 
masses,  but  rather  that  some  precautions  only  are  requisite 
to  render  apparent  what  we  expect  to  take  placet     If  the 
steel  be  kept  in  contact  with  the  magnet  during  a  quarter 
of  an  hour,  or  for  a  longer  period,  this  substance  which  at 
first  seemed  insensible  to  magnetism  becomes  magnetic; 
in  time  it  acquires  magnetism,  and  at  last  is  as  powerfully 
attracted  as  iron.     The  time  which  appears  requisite  to 
develop  this  force  may  be  supplied  by  other  means,  namely, 
by  the  method   <^  touching,  as  it  is  termed,  that  is,  by 
exerting*  friction  for  several  times  in  the  same  direction, 
and  along  the  whole  length  of  the  mass  of  steel ;  either  by 
passing  the  steel  along  the  magnet,  or  the  magnet  along 
the  steel.     If,  for  example,  the  small  cylinders  of  which 
we  have  just  spoken,  and  which  the  magnet  has  never 
touched,  be  treated  in  this  manner,  they  will,  after  the  fric- 
tion has  been  repeated  several  times,  attach  themselves  to 
the  surface  and  to  one  another,  and  form  a  magnetic  chain, 
like  the  small  cylinders  of  iron.     In  order  thus  that  tem- 
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pcred  steel  may  become  magnetic,  we  must  employ  either 
prolonged  contact  with  a  magnet  or  friction  frequently 
repeated.  Another  characteristic  qualitj  of  steel  with 
respect  to  magnetism  is,  that  after  these  operations  stee! 
aiways  preserves  its  acquired  magnetism.  This  is  at  once 
proved  by  rolling  in  filings  steel  which  has  been  touched 
by  the  magnet ;  it  will  be  seen  at  once  to  possess  a  neutral 
line,  and  two  ends  or  poles ;  or,  in  a  word,  all  the  proper- 
ties of  natural  magnets ;  if  it  be  again  tried  af^er  a  day,  a 
month,  or  a  year^  it  will  appear  to  have  lost  none  of  Its 
force.  Lastly,  if  the  ends  of  these  artificial  magnets  be 
brought  near  so  as  to  act  on  each  other^  those  (^  ^e  same 
name  will  repel  each  other,  whilst  those  of  different  names 
will  attract  each  other,  just  as  the  ends  of  natural 
magnets. 

From  the  former  characteristic  of  comparative  slowness 
with  which  steel  yields  to  the  action  of  magnets^  we  may 
conclude,  that  there  exists  in  the  substance  some  force,  or 
rather  some  sort  of  resistance,  which  opposes  the  immediate 
separation  of  the  magnetic  fluids,  and  this  force  is  called  the 
ccercicejbrce.  From  the  faculty  which  it  has  of  preserviflg 
its  acquired  magnetism,  we  may  conclude,  that  there  exists 
also  a  force,  or  some  resistance,  opposing  the  reunion  of  the 
two  fluids ;  for  the  contrary  fluids  attract,  and  tend  inces< 
santly  to  be  recompounded  or  to  neutralise  each  other; 
and  if  there  were  no  opposing  force,  these  two  fluids  would 
be  actually  recomposed,  and  the  steel  would  return  to  its 
natural  state,  until  the  fluids  are  again  separated  br  the 
magnet  exerting  its  decomposing  action  upon  it.  This 
resistance  to  the  recomposition  may  also  be  called  the 
coercive  force,  the  same  term  as  we  applied  to  the  resist- 
ance to  separation.  From  this  we  may  infer,  that  if  the 
magnetic  fluids  experience  in  certain  substances  some  re- 
sistance or  some  friction,  or,  in  general  terms,  some  obstacle 
to  their  separation,  they  must  encounter  the  same  obstacles 
on  returning  to  each  other,  so  as  to  resume  their  natural 
state. 
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286.  Magnetic  action  of  the  Earth, — A  magnetic  needle 
suspended  horizcmtally  by  a  alk  thready  or  on  a  pivot,  is 
not  in  equilibrium  in  all  positions,  as  a  needle  not  mag- 
netized would  be ;  it  takes  a  determinate  direction  towards 
some  point  in  the  horizon^  and  if  displaced^  returns  after  a 
number  of  oscillations  to  that  position.  The  force  which 
draws  it  back  is  due  to  its  magnetization^  for  an  unmag- 
netized  needle  experiences  no  similar  action*  At  first  we 
might  suppose  that  this  phenomenon  is  but  a  local  oue^ 
depending  perhaps  on  some  masses  of  iron  or  natural  mag- 
nets situated  near  it;  for  a  common  sewing  needle^  or  the 
end  of  a  piece  of  iron  wire,  is  sufficient  to  attract  the 
magnetic  needle  out  of  one  position^  and  to  keep  it  in  some 
other  position ;  and  there  is  nothing  to  prevent  powerful 
masses  acting  at  a  distance  from  soliciting  and  directing  it 
towards  one  particular  side.  But  the  same  phenomenon 
is  recognised  every  where.  Travellers  have  carried  a 
magnetic  needle  into  all  the  countries  of  the  world,  and 
there  is  no  known  place  at  which  it  does  not  assume  a 
fixed  direction,  and  return  invariably  to  the  same  position 
when  drawn  from  it.  In  the  polar,  as  well  as  in  the. 
equatorial  regions,  at  the  tops  of  the  highest  mountains, 
and  at  the  bottoms  of  the  deepest  ravines  and  mines,  the 
magnetic  needle  always  presents  the  same  phenomenon. 
There  exists  then  a  magnetic  force  of  which  the  effects  are 
sensible  at  all  points  of  the  terrestrial  globe ;  for  a  direc- 
tive action  is  necessarily  relative  as  well  as  all  actions  at  a 
distance ;  and  a  body  can  no  more  take  of  itself  a  determi- 
nate direction  than  it  can  move  itself.  In  both  cases  there 
is  some  external  force  to  which  it  is  subject. 

The  simplest  experiments  will  serve  to  shew  that  this 
force  has  the  essential  character  of  a  force  emanating  from 
a  magnet,  and  not  of  a  force  emanating  from  a  mass  of  iron ; 
for  if  the  poles  of  the  needle  be  reversed  by  turning  it  half 
round,  or  through  180%  it  does  not  rest  in  equilibrium  in 
this  new  position ;  it  w^ieels  about,  and  describes  on  one  side 
or  the  other  the  whole  semi-circumference  by  which  it  was 
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removed  from  its  primitive  position.  This  directive  force 
then  acts  in  opposite  directions  on  the  two  ends,  and) 
similar  to  the  force  which  resides  in  a  magnet^  it  acts  h 
attraction  on  one,  and  hy  repulsion  on  the  other,  whereas 
iron  attracts  both  with  the  same  energy. 

Where  now  is  the  centre  of  the  magnetic  action  so  uni- 
versally diffused  throughout  the  globe?  The  solationfll 
this  question  has  ever  formed  a  great  subject  of  discussion. 
Some,  like  Cardan,  have  placed  it  in  a  small  star  which 
forms  the  tail  of  the  bear ;  others  in  the  pole  of  the  xodisc; 
and  some  others,  finding  perhaps  the  heaven  too  narrow 
for  them,  imagine  beyond  the  heavens  and  the  stars  an 
attractive  centre,  whence  arises  the  force  giving  directioa 
to  magnets.  But  Gilbert,  the  father  of  the  sciences  of 
magnetism  and  electricity,  put  an  end  to  these  vain  hypo- 
theses, by  demonstrating,  as  clearly  as  could  at  that  period 
be  done,  that  the  globe  of  the  earth  is  magnetic,  and 
that  it  is  its  action  which  directs  the  magnetic  needle. 

A  discussion  of  the  observations  made  in  different  dimates 
will  lead  us  to  view  the  earth  as  a  vast  magnet^  having  its 
neutral  line  near  the  equator,  and  its  ends  on  either  side  to- 
wards the  poles  of  rotation.  Also  the  phenomena  appear 
to  indicate  that  the  poles  considered  as  centres  of  force  are 
near  the  centre  of  the  earth ;  at  all  events  at  some  con- 
siderable depth  below  the  surface.  Thus,  with  respect  to 
mangetism,  the  earth  has  two  distinct  regions,  a  north 
and  a  south ;  but  these  do  not  accurately  coincide  with 
the  astronomical  northern  and  southern  hemispheres ;  be- 
cause the  neutral  line  which  separates  these  does  not 
coincide  with  the  equator.  We  may,  however,  charac- 
terize and  define  these  two  fluids  by  saying,  that  the 
northern  fluid  predominates  in  the  northern  region  of  the 
earth,  and  the  southern  fluid  in  the  southern ;  and  since 
the  fluids  of  contrary  names  attract  each  other,  it  is  the 
south  pole  of  the  needle  which  is  directed  towards  the 
north  pole  of  the  earth,  and  the  north  pole  of  the  needle 
which  is  directed  towards  the  south  pole  of  the  earth. 
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These  statements  are  evidently  in  danger  of  introducing 
confusion ;  hence  the  terms  horeal  and  austral  fluid  have 
been  introduced;  the  former  being  that  which  is  supposed 
to  prevail  in  the  northern  hemisphere,  and  the  latter  that 
which  is  supposed  to  prevail  in  the  southern ;  and  that  end 
of  the  needle  which  points  to  the  north  pole  o£  the  earth 
18  called  the  marked  end.  Thus  we  may  avoid  speaking  of 
the  north  and  south  ends  or  poles  of  needles. 

Needles  situated  at  the  same  place  on  the  earth's  sur- 
face^ but  sufficiently  distant  to  prevent  their  mutual 
actions,  take  directions  which  are  sensibly  parallel;  but 
needles  at  places  removed  from  each  other  by  several  de- 
grees ^of  latitude  and  longitude^  are  not  parallel  to  each 
other;  we  must  consequently  possess  some  means  of  de- 
fining the  direction  of  the  magnetized  needle,  that  is^  we 
must  have  the  power  of  referring  it  to  lines  of  known  and 
invariable  position^  that  we  may  be  able  to  determine^ 
F.  what  changes  this  direction  undergoes  with  time; 
2''.  what  relations  exist  between  the  directions  observed  at 
different  places.  For  this  purpose  the  following  defini- 
tions of  terms  have  been  adopted. 

287.  Terms  defined.  —  The  plane  of  the  magnetic 
meridian  is  the  plane  which  passes  through  the  centre  of 
the  earth,  and  the  direction  of  the  horizontal  needle ;  this 
plane  will  cut  the  heavens  and  the  earth  in  a  certain  line^ 
which  is  the  trace  of  this  plane>  or  the  magnetic  meridian. 
The  terrestrial  or  astronomical  meridian  of  a  place  is  the 
plane  which  passes  through  the  place  and  the  axis  of  the 
earth,  and  the  meridian  line,  or  simply  the  meridian,  is 
the  trace  of  this  plane  on  the  surface  of  the  earth.  The 
magnetic  meridian  and  the  terrestrial  meridian  lie  in  two 
vertical  planes,  since  the  planes  of  both  pass  through  the 
centre  of  the  earth,  or  rather  through  the  vertical  of  the 
place  which  we  are  considering ;  but  these  two  planes  may 
be  inclined  to  each  other  at  an  angle  of  greater  or  less 
magnitude. 

The  variation  of  the  needle  at  any  place  is  the  angle 
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which  the  magnetic  makes  with  the  terrestrial  meridian  of 
any  place ;  or^  wliich  is  the  same  thing;,  it  is  the  angle 
which  the  direction  of  the  needle  makes  with  the  meri- 
dian. This  is  sometimes  called  the  magnetic  dedination* 
The  variation  is  said  to  he  east  when  the  marked  end  of  the 
needle  passes  to  the  east  side  of  the  meridian^  and  west 
when  to  the  west.     Suppose^  for  example^  that  sn  isthe 
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meridian  of  Greenwich,*  and  u  m  the  direction  of  the 
horizontal  needle  at  the  same  place ;  the  variation  is  west, 
being  nowt  about  24",  for  we  shall  see  that  it  changes  gra- 
dually. There  are  some  places  on  the  earth  at  which  the 
magnetic  meridian  coincides  exactly  with  the  meridian; 
at  these  places  the  variation  is  nothings  and  the  assemblage 
of  successive  points  at  which  this  phenomenon  takes  place 
constitute  the  line  of  no  variation.  We  shall  see  hereafter 
that  there  are,  betwixt  the  two  poles,  at  least  two  lines  of 
no  variation,  traversing  the  sea  and  land  in  a  sinuous  and 
irregular  course. 

The  dip  is  the  angle  which 
a  needle,  having  free  motion 
in  the  vertical  plane  of  the 
magnetic  meridian  about  its 
centre  of  gravity,  makes  with 
the  horizon.  Let  n  c  s  be  a 
needle  moveable  about  its 
centre  r,  and  able  to  describe 
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a  circumference  in  the  vertical  circle  ^  7  n,  that  is,  i^ 
the  plane  of  the  magnetic  meridian. the  angle  Mc;a  is  the 
dip.  At  Greenwich  the  dip  h  now  about  70^^  the  marked 
end  being  below  the  horizop.  The  needle  makes  faur 
aingles  with  the  horizon  which  are  equal«two  and  two;  but 
it  is  convenient  to  take  the  least  of  the  two  angles  .which 
its  lower  end  forms ;  so  that  the  dip  is  always  less  than  90°. 

As  we  advance  towards  the  north  pole  the  dip  increases 
regularly  with  the  latitude,  and  the  voyagers  who,  in  the 
midst  of  ice,  have  penetrated  nearly  to  the  north  pole, 
found  dips  very  near  90°;  that  is,  the  needle  rests 
nearly  in  a  vertical  portion.  There  are  then  in  these 
parts  points  at  which  the  needle  will  coincide  exactly  with 
the  plumb-line  ;  no  observer  has  ascertained  the  position  of 
these  places  of  verticity,  above  the  magnetic  poles  of  the 
earth,  but  it  appears  probable  that  there  is  more  than  one 
such  pole^  and  that  besides  the  principal  poles  conside2?ed  as 
centres  of  force^  there  must  be  others  depending  on  local 
causes*  If  now  we  advance  in  the  other  direction,,  or 
towards  the  equator,  the  dip  continually  diminishes,  and 
near  this  line  we  find  that  the  needle  is  horizontaL 
Passing  beyond  this  line  into  the  soiul^rn  hemisphere, 
the  dip  has  again  a  sensible,  value ;  but  now  the  marked 
end  of  the  needle  is  above  the  horizon,  and  rises  more  and 
more  as  the  latitude  increases.  There  are  then  towards 
the  south  pole  of  the  earth  other  points  at  which  the  needle 
will  rest  vertically,  its  direction  coinciding  with  that  of  the 
plumb-line. 

Whatever  may  be  the  meridian  at  which  the  equator  is 
crossed  there  is  always  some  point  at  which  the  needle  is 
horizontal,  and  the  series  of  points  where  there  is  no  dip 
form  a  curve  termed  the  magnetic  equator.  This  curve 
is  very  regular  at  some  points  of  its  course ;  and  the 
tracing  these  lines  on  the  earth's  surface  is  a  most  in- 
teresting problem. 

288.  Points  of  application  of  the  magnetic  Jbrce  of  (he 
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earth* — Since  the  earth  acts  in  the  same  manner  as  s 
naturcil  magnet,  it  is  certain  that  it  attracts  one  pale  and 
repels  the  other;  for  it  is  a  general  law  of  magnetism,  tlutf 
if  a  force  does  not  act  indifferently  on  the  two  poles,  uin 
the  case  of  sofl  iron,  it  acts  always  on  one  by  attraction  and 
on  the  other  by  repulsion.  But  without  knowing  anj 
thing  respecting  this  magnetic  force>  it  is  snfficieiit  to 
remark,  that  it  is  a  universal  force  acting  at  all  parts  d 
the  globe,  so  that  we  may  conclude  that  its  centre  of 
action  is  at  an  infinite  distance  when  compared  with  the 
needles  or  magnets  which  serve  for  our  experiments,  aod 
that  consequently  this  direction  may  be  considered  ai 
parallel  to  itself  throughout  the  whole  extent  of  the  ixxly. 
By  the  action  which  is  exerted  on  all  the  molecules  of  the 
fluid  which  are  on  one  side  of  the  neutral  line  of  a  magneti 
there  is  compounded  a  system  of  parallel  forces;  aiMl  \tj 
the  action  on  all  the  particles  on  the  other  side  of  the 
neutral  line,  there  is  compounded  another  system  of  forces 
parallel  to  themselves  and  to  the  former.  These  two 
systems,  the  one  attractive  and  the  other  repulsive,  bsTe 
each  a  single  resultant,  the  determination  of  the  intensity 
and  point  of  application  of  which  is  a  simple  proposition 
in  mechanics,  and  is  as  follows. 

V.  Each  resultant  being  parallel  to  its  component  foroeii 
there  will  be  two  resultants  parallel  to  each  other ;  thus 
the  whole  magnetic  action  of  the  earth  is  reduced  to  a 
system  of  two  opposite  parallel  forces.  2^  £ach  resultant 
being  equal  to  the  sum  of  its  components,  the  two  resultants 
will  be  always  equal  in  intensity,  provided  the  quantity  of 
the  two  fluids  is  the  same.  But  since  the  development 
of  magnetism  may  be  considered  only  as  the  separation 
of  these  fluids,  each  remaining  enclosed  in  the  substance  of 
the  magnet  and  unable  to  quit  it,  the  preceding  condition 
will  always  be  fulfilled,  and  the  resultant  forces  of  the 
two  fluids  will  always  be  equal.  These  two  resultants 
being  opposite,  parallel^  and  equals   constitute  a  couple, 
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the  intensity  whereof  depends  on  the  energy  of  the  magnet 
and  of  the  magnetic  force  of  the  earth  (Art.  22)  • 

This  fundamental  fact,  that  a  needle  experiences  from 
the  earth  a  repulsion  and  an  attraction  which  are  always 
equal,  the  result  of  which  is,  consequently,  always  di- 
rective, and  not  attractive  or  repulsive,  may  be  confirmed 
by  the  most  simple  experiments.  If  a  needle  be  weighed 
before  being  magnetized,  and  after  having  received  all 
the  magnetic  power  which  can  possibly  be  communicated 
to  it,  there  will  be  no  difference  in  the  weight ;  hence  the 
terrestrial  action  adds  no  vertical  resultant  to  the  forces, 
for  such  a  resultant  would  produce  an  augmentation  oi 
weight  if  it  acted  from  above  downwards,  or  a  diminu* 
tion  if  it  acted  from  below  upwards.  Again^  if  a  mag« 
netized  needle  be  attached  to  a  small  piece  of  cork  which 
floats  on  the  surface  of  water,  the  cork  will  present  no 
sensiUe  resistance  to  the  motion ;  hence,  if  there  were  any 
horizontal  resultant,  it  would  constantly  draw  the  cork  and 
needle  to  the  same  side  until  it  met  some  obstacle ;  but 
no  such  motion  is  observed,  the  needle  takes  a  definite 
direction,  and,  when  once  directed,  it  rests  in  the  middle 
of  the  surface,  without  having  the  least  tendency  to  move 
to  one  side  or  to  the  other. 

3o.  The  points  of  application  of  these  magnetic  re- 
sultants of  the  earth,  or  of  the  terrestrial  couple  in  a 
magnet,  cannot  be  determined  unless  we  know  the  distri- 
bution of  magnetism  on  each  side  of  the  neutral  line. 
The  needles  used  are  generally  symmetrical  with  respect 
to  a  longitudinal  axis,  and  a  transverse  plane  at  right  angles 
to  this  axis ;  being  generally  cylindrical,  prismatical,  or  of 
the  form  of  a  very  elongated  lozenge,  or  some  similar 
figure ;  and  when  the  magnetization  is  regular^  the  neutral 
line  divides  it  into  two  equal  parts,  and  in  each  half  the 
opposite  fluids  are  distributed  in  exactly  the  same  manner. 
The  points  of  application  of  the  resultants  of  the  terrestrial 
magnetism  will  be  on  the  axis  of  the  figure,  and  at  the 
same  distance  from  the  centre  or  extremities  of  the  needle ; 
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that  is,  they  are  symmetrically  placed  with  respect  to  the 
neutral  line.  Thus  much  we  know  respecting  their  rela- 
tive positions ;  hut  their  absolute  position  cannot  at  present 
be  determined ;  it  will  be  seen  that  the  magnetic  intensity 
increases  as  we  recede  from  the  neutral  line^  and  the  point 
of  application  of  each  resultant  is  nearer  to  the  extremities 
than  to  the  middle^  These  two  points  of  the  application 
of  the  resultants  of  the  terrestrial  magnetism  are  some* 
times  called  the  iwo  poles  of  the  needle ;  and  in  this  sense 
the  poles  are  considered  with  respect  to  magnetism  what 
the  centre  of  gravity  is  with  respect  to  gravity.  The 
line  which  joins  these  poles  is  called  the  axis  of  the  needle. 
On  the  supposition  which  we  have  just  made  of  perfect 
and  regular  magnetization,  the  magnetic  axis  will  coincide 
with  the  axis  of  the  figure ;  but  there  are  always  some 
practical  errors  which  disturb  these  mathematical  con- 
ditions, and  since  the  direction  of  a  magnet  or  of  a  needle 
is  the  direction  of  its  magnetic  axis,  this  must  not  be 
considered  as  coincident  with  the  axis  of  the  figure. 

289.  Diurnal  Oscillations,  —  The  needle  experiences 
dailv  certain  motions  either  to  the  east  or  to  the  west  of 
the  magnetic  meridian ;  sometimes  these  motions  are  sudden 
and  accidental,  at  other  regular  and  periodic;  the  former 
are  called  perturbations,  the  latter  diurnal  oscillations. 
On  days  not  distinguished  by  any  perturbations,  the  fol- 
lowing phenomena  may  generally  be  observed ;  the  needle 
is  nearly  stationary  during  the  night,  it  begins  to  move  at 
sunrise,  its  marked  end  going  towards  the  east,  the  maxi- 
mum east  being  attained  about  nine  o'clock.  The  oscil- 
lation is  then  westerly,  the  maximum  west  being  about 
half-past  one. 

Then,  by  a  contrary  motion,  it  returns  towards  the  ea^ 
till  about  nine,  after  which  time  a  second  maximum  west 
is  attained.  Starting  from  a  position  nearly  coinciding  with 
that  of  the  preceding  day,  it  performs,  during  the  next  day, 
a  similar  oscillation.  The  amplitude  of  the  diurnal  oscilla- 
tion  is  the  angle  which  the  needle   traverses  from  its 
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morning  position  to  its  next  western  position  after  mid- 
day. This  an^  is  variable  most  days,  but  from  a  great 
multitude  of  observations  it  appears  to  be  greatest  during 
summer,  from  the  spring  to  the  autumnal  equinox>  and 
least  during  the  winter^  from  the  autumnal  to  the  spring 
equinox.  Its  value  during  the  months  of  Aprils  May, 
June,  July,  August,  and  September,  is  about  13'  or  15\  and 
only  about  8'  or  10'  during  the  other  months.  On  some 
days  it  is  as  much  as  25',  on  others  not  more  than  5'  or  6\ 

In  the  northern  regions,  as  Denmark,  Iceland,  and  parts 
of  America^  the  diurnal  oscillations  are  generally  more 
considerate  and  less  regular;  the  needle  does  not  preserve 
the  same  stationary  position  during  the  night  as  in  these 
latitudes,  nor  does  it  attain  its  maximum  variation  east 
or  west  at  the  same  hours.  In  going  from  the  north 
towards  the  magnetic  equator  the  amplitude  of  the  diurnal 
oscillations  continually  decreases,  and  at  the  magnetic 
equator  it  is  nothing.  It  appears,  however,  that  this  de- 
pends on  the  position  of  the  sun  to  the  north  or  to  the 
south  of  the  terrestrial  equator.  South  of  the  magnetic 
equator  the  oscillations  take  place  in  the  contrary  order, 
the  marked  end  of  the  needle  turns  towards  the  east  at  the 
hours  at  which  it  would  turn  to  the  west  in  the  northern 
hemisphere. 

290.  Perturbations  of  the  Magnetic  Needle* — Several 
natural  caus^  act  on  the  magnetized  needle,  either  de- 
ranging it  suddenly  from  its  position  or  disturbing  the 
regularity  of  the  diurnal  oscillation.  Among  these  causes 
the  aurora  borealis  appears  the  most  certain  and  infallible ; 
when  this  meteor  expands  itself  from  the  northern  regions, 
the  whole  heaven  is  lighted  up,  and  while  it  lasts,  which  is 
frequently  for  several  hours,  the  needle  undergoes  a  con- 
tinual agitation  and  a  considerable  deviation.  The  summit 
of  the  bright  arch  generally  coincides  with  the  magnetic 
meridian,  and  its  crown,  that  is,  the  focus  to  which  the 
streaks  of  flame  which  seem  to  start  from  the  horizon  or 
the  arch  itself  tend,  is  always  very  near  the  prolongation  of 
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the  dipping  needle.  But  not  only  is  the  needle  agitated 
at  or  near  the  places  where  the  aurora  is  visible,  but  it 
extends  to  great  distances  and  places  at  which  no  aurora 
is  visible-  In  general^  however,  the  perturbations  are 
greater  the  nearer  the  phenomenon ;  but  there  are  instances 
in  which  a  sudden  perturbation,  amounting  to  l*",  has  taken 
place  in  London,  without  any  apparent  cause ;  and  it  was 
afterwards  discovered  that  a  similar  perturbation  took 
place  at  the  same  time  at  Paris  and  Petersburg,  there 
being  a  most  brilliant  aurora  visible  in  northern  places. 
Thus  an  observer  in  his  study  is  apprised  by  the  needle 
of  what  is  passing  in  the  regions  of  the  north,  just  as  he  is 
by  the  barometer  of  what  is  going  on  in  the  upper  strata 
of  the  atmosphere. 

Earthcfuakes  and  volcanic  eruptions  act  also  on  the  needle, 
and  these  phenomena  sometimes  permanently  derange  it. 
It  seems  probable  that  lightning  produces  similar  effects;  by 
it  magnetism  is  frequently  changed,  destroyed,  or  exactly 
reversed ;  many  lamentable  instances  of  this  kind  have 
occurred  in  vessels  ;  some  part  of  the  ship  being  struck, 
the  compass  has  been  reversed,  and  the  navigators  mistaking 
the  south  for  the  north,  have  run  upon  rocks  or  shoals, 
and  been  shipwrecked.  We  shall  return  to  the  pre- 
ceding subject  in  speaking  of  the  phenomena  of  electro- 
magnetism. 

291.  Magnetic  Intensity  of  the  Earth, — One  of  the  most 
important  points  in  the  theory  of  terrestrial  magnetism,  is 
the  determination  of  its  intensity  at  different  parts  of  the 
earth,  or  at  the  same  place  at  different  periods.  It  is  only 
recently  that  the  methods  employed  have  been  capable  of 
leading  to  accurate  results ;  and  the  method  now  univer- 
sally adopted  is  to  observe  the  number  of  oscillations  made 
by  a  needle  moved  slightly  from  its  position  of  rest,  and 
left  to  itself.  If  regularly  magnetized,  and  its  axis  of  sus- 
pension pass  through  its  centre  of  gravity,  it  will  oscillate 
by  the  action  of  the  magnetic  couple  of  the  earth,  just  as 
each  of  its  ends  would  oscillate  separately  when  solicited  by 
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one  of  the  forces  of  the  couple.     Thus  we  have  a  true  com- 
pound pendulum^  which  remains  perfectly  identical,  the 
distribution  of  magnetism  remaining  exactly  the  same  at  all 
points  of  the  substance ;  for  if  the  fluid  experienced  any 
change  either  in  quantity  or  in  arrangement,  the  resultant 
would  have  a  different  intensity  and  a  different  point  of 
application,  and  the  same  needle  would  in  reality  constitute 
a  different  pendulum.     Suppose,  however^  that  a  needle 
remains  both  magnetically  and  materially  the  same,  any 
difference  in  the  duration  of  its  oscillations  will  depend  only 
on  some  difference  in  the  intensity  of  the  forces  which  so- 
licit it ;  and  gravity  remaining  the  same,  this  difference  can 
only  depend  on  a  difference  in  the  intensity  of  the  magnetic 
force.     But  under  these  conditions,  the  intensity  of  the 
force  and  the  duration  of  the  oscillations  are  connected  by 
the  law,  *  that  the  forces  are  as  the  square  of  the  number 
of  oscillations  performed  in  a  given  time.*   Now  the  num- 
ber of  oscillations  can  be   readily    observed ;  hence  this 
method  can  be  applied  by  making  a  needle  oscillate  either 
in  the  plane  of  the  magnetic  meridian,  about  the  line  of 
dip,  or  perpendicularly  to  the  magnetic  meridian,  about  the 
line  of  variation. 

The  result  of  these  observations  with  the  compass  and 
dipping  needle  made  in  different  parts  of  Europe  and 
America,  in  the  islands  of  the  Indian  and  Pacific  Ocean, 
is,  that  the  intensity  is  least  at  the  magnetic  equator,  and 
increases  gradually  towards  each  pole.  The  law  which 
this  increase  appears  to  follow  would  give  the  intensity  at 
the  poles  one-half  greater  than  at  the  equator. 

292.  Action  of  the  earth  on  soft  iron. — The  earth  exerts 
a  perpetual  action  on  all  substances  which  contain  mag« 
netism  ;  it  acts  as  a  vast  magnet,  which  is  incessantly  en- 
deavouring to  decompose  the  natural  state  of  the  fluid,  or 
incessantly  attracting  and  repelling  the  separated  fluids. 
The  different  magnetic  bodies  which  exist  on  the  surface  of 
the  earth  resist  more  or  less  this  universal  power,  according 
to  the  intensity  of  their  coercive  force;  but  all  bodies  ex- 
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perience  some  modification  from  it.  SoA;  iron  is,  under  this 
point  of  view,  the  suhstance  most  worthy  of  attentive  ex- 
amination, because  it  offers  no  resistance  to  the  separation 
of  the  fluids,  and  does  not  preserve  any  of  the  magnetic 
actions  to  which  it  has  been  subjected*  The  following  ex- 
periments will  serve  to  give  us  some  idea  of  the  phencnnena 
which  occur. 

A  bar  of  soft  iron  two  or  three  feet  in  length  is 
brought  near  a  small  needle.  When  the  bar  is  held  verti- 
cally, or  nearly  in  the  direction  of  the  dip,  it  acquires  the 
properties  of  the  marked  end,  that  is,  of  the  end  which  will 
point  to  the  north  pole  of  the  earth  at  its  lower  extremity, 
and  of  the  unmarked  end  at  its  other  extremity.  This  is 
seen  at  once  by  the  attractive  and  repulsive  actions  which 
are  exerted  on  one  or  other  end  of  the  needle,  as  the  bar  is 
moved  vertically,  so  as  to  bring  all  its  parts  successively 
opposite  the  needle.  To  be  convinced  that  the  soft  iron  is 
without  coercive  force,  and  that  its  magnetism  is  decom- 
posed by  the  terrestrial  action,  we  need  only  turn  the  bar 
suddenly  upside  down,  so  that  its  extremity,  which  before 
was  uppermost,  should  now  be  lowest ;  the  lower  end  will 
still  have  the  properties  of  the  marked  end,  and  the  upper 
of  the  unmarked  end«  Thus  the  fluids  have  been  instan- 
taneously recompounded  by  their  mutual  action,  and  decom- 
posed by  the  terrestrial  action. 

All  magnetic  bodies  become  real  magnets  by  the  influ- 
ence of  the  terrestrial  magnetism,  but  their  poles  are  move- 
able, and  perpetually  changing ;  thus  the  poles  are  reversed 
by  turning  them  upside  down,  and  for  every  slight  change 
in  their  position  the  poles  in  the  interior  of  their  substance 
experience  corresponding  displacements.  This  result  shews 
us  that  great  care  is  requisite  in  making  experiments;  for 
the  iron  which  is  employed  in  the  construction  of 
buildings  acts  in  two  ways  on  magnetized  needles  ;  it  acts 
by  the  magnetic  decomposition  which  it  experiences  from 
the  needle  itself,  and  principally  by  the  free  fluid  which 
the  earth  keeps  in  a  state  of  permanent  separation.     The 
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local  perturbations  clue  to  this  cause  may  with  care  be  dis- 
covered, for  in  a  space  of  some  extent,  as  a  mile  square,  the 
difference  in  the  terrestrial  action  will  be  exceedingly 
small. 

293.  Causes  influencing  the  coercive  force. — When  a 
bar  of  soft  iron  is  submitted  to  the  magnetic  action  of  the 
earth,  it  is  sufficient  to  give  it  one  or  two  strokes  with  a 
hammer  at  either  of  its  extremities,  to  fix  partially  one  of 
the  two  separated  fluids  by  which  it  acts  on  the  needle. 
Afler  the  percussion  it  is  a  magnet  with  fixed  properties^ 
and  in  whatever  direction  it  is  turned,  the  same  fluid  always 
shews  itself  at  the  same  extremity.  Thus  coercive  force  is 
given  to  soft  iron  by  percussion  ;  this  force  is  undoubtedly 
local,  and  exists  only  in  the  molecules  which  have  received 
the  blow ;  for  the  bar  being  turned,  and  struck  in  this  in- 
verted position,  becomes  magnetized  in  the  opposite  direc- 
tion. The  pole  may  thus  be  reversed  as  often  as  we  please, 
and  it  is  peculiarly  deserving  of  remark,  that  though  the 
coercive  force  will  disappear  after  some  hours  or  days,  it 
may  be  reproduced  by  fresh  strokes. 

The  preceding  curious  fact  furnishes  a  key  to  several 
phenomena.  It  is  well  known  that  all  magnetic  substances 
are  in  a  state  of  magnetization  of  greater  or  less  degree. 
For  instance,  as  early  as  1590  it  was  remarked,  that  an  iron 
bar  fixed  in  the  brick- work  of  a  steeple  was  magnetic,  and 
in  1630  a  cross,  completely  rust-eaten,  was  powerfully 
magnetic  at  its  lower  end.  Since  these  periods  similar 
phenomena  have  been  frequently  observed,  and  it  is  found 
that  a  piece  of  rusty  iron  is  almost  always  a  magnet  of 
greater  or  less  power :  the  same  is  true  of  cast-iron,  steel, 
and  other  magnetic  substances.  But  oxidation  is  not  neces- 
sary for  the  magnetization  of  a  substance;  this  may  be 
efiected  by  some  mechanical  action,  as  twisting,  beating, 
filing,  or  any  similar  process:  the  tools  of  a  locksmith's 
shop,  for  example,  are  nearly  always  magnets,  and  sharp 
instruments  kept  generally  in  the  same  position  generally 
present  traces  of  polar  magnetism.     In  all  these  cases  it  is 
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neither  the  chemical  nor  the  mechanical  action  which  mag- 
netizes the  hodies  ;  hut  the  incessant  action  of  the  earthy 
which  decomposes  the  fluids ;  and  the  decomposition  once 
made  is  maintained  by  the  coercive  force  resulting  from 
the  chemical  and  mechanical  displacements  of  the  molecules 
of  the  bodies.  A  strong  confirmation  of  the  preceding 
remarks  is  derived  from  a  comparison  of  the  quantity  of 
magnetism  which  bodies  receive  in  different  positions^  with 
respect  to  the  direction  of  the  force  of  the  earth.  In  a 
vertical  position  they  become  powerfully  magnetic  by  oxi- 
dation or  mechanical  action,  and  the  marked  end  is  always 
downwards.  In  more  oblique  positions  the  effect  is  less, 
but  the  same  law  may  still  be  detected.  Thus  we  may 
manufacture  various  kinds  of  magnets  either  with  iron 
wire,  or  bars  of  iron  and  steel. 

Natural  magnets  being  an  oxide  of  iron,  may  in  some 
measure  owe  their  magnetic  properties  to  the  action  of  the 
earth  exerted  upon  them  at  the  moment  of  their  formation. 
For  the  mines  of  iron  which  exist  in  our  day  are  not  as  old 
as  the  world ;  and  without  admitting  that  at  its  origin  iron 
was  in  a  pure  and  metallic  state,  it  is  certain  that  the  com- 
binations in  which  it  is  engaged  at  the  surface  of  the  earth, 
and  in  that  part  of  the  crust  which  we  can  explore,  were 
not  always  what  they  are  at  present.    The  chemical  actions 
which  have  been  going  on  incessantly  for  centuries  of  ages, 
cause  the  most  inactive  molecules  to  pass  through  innume- 
rable combinations,  and  change  in  ten  thousand  ways  their 
primitive  aggregations.    The  magnetic  masses,  like  all  pon- 
derable elements,  are  subject  to  perpetual  mutations,  and 
we  may  say  that  at  every  instant  some  are  being  decom* 
posed,  others  are  being  formed,  and  having  their  poles  ar« 
ninged  according  to  the  laws  of  the  general  magnetic  action 
of  the  earth.     These  are  probably  the  causes  which  first 
develop    the  magnetism  of  natural  magnets,  whether  of 
those  possessed  by  the  Chinese  three  thousand  years  ago^ 
or  of  those  observed  by  Pythagoras  and  Plato,  or  of  those 
which  we  employ  at  the  present  day.     Magnetism  already 
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developed  is  the  great  agent  in  the  development  of  mag** 
uetism,  but  the  discoveries  of  CErsted  shew  us  that  eleo« 
tridty  also  can  develop  magnetism. 

294.  Iron  of  vessels, — Large  masses  of  iron  are  employed 
in  the  construction  and  equipping  of  vessels ;  some  as  per- 
manent parts,  others  being  moveable^  as  the  cannons, 
anchors,  cables^  and  tools.  All  these  bodies  are  magnetic, 
and  being  situated  at  different  parts  of  the  vessel  exert  a 
considerable  action  on  the  needle.  The  deviations  pro- 
duced by  this  cause  may  sometimes  amount  to  fifteen  or 
twenty  degrees,  and  two  or  three  degrees  would  be  quite 
sufficient  to  expose  navigators  to  the  greatest  risk  and 
danger.  It  appears  that  Wales,  a  companion  of  Cook  the 
circumnavigator,  was  the  first  to  point  out  this  source  of 
error  in  observations  at  sea.  Since  that  period  the  attention 
of  the  officers  of  the  navy  has  been  constantly  directed  to 
this  phenomenon,  and  many  observations  have  been  made 
at  Woolwich  by  Barlow  and  Christie  for  the  purpose  of 
determining  and  correcting  the  eiTors  which  must  arise  from 
this  source.  The  needle  in  a  vessel  may  be  made  to  deviate 
by  any  of  the  following  causes : — 

1®.  By  the  decomposition  which  itself  creates  in  mag- 
netic substances. 

2°.  By  the  permanent  magnetic  state  which  these  sub- 
stances have  in  virtue  of  their  coercive  force. 

3°.  By  the  transient  magnetic  state  which  they  acquire 
from  the  magnetism  of  the  earth. 

The  first  of  these  causes  can  produce  only  very  small 
effects,  which  may  be  effectually  guarded  against  by 
placing  the  needle  at  a  sufficient  distance  from  all  masses  of 
iron. 

The  second  cause  may  also  be  guarded  against ;  for  the 
magnetized  needle  being  situated  from  the  different  mag- 
netic poles  of  the  vessel  at  distances  which  bear  a  consider- 
able ratio  to  the  length  of  the  needle,  each  of  these  centres 
will  act  upon  the  needle  by  a  couple.  By  the  composition 
of  all  these  partial  couples  there  will  be  a  resultant  couple. 
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remaining  the  same  in  all  climates  and  in  all  positions  of 
the  vesseL  This  couple  will  be  compounded  with  the  ter- 
restrial couple,  and  hence  the  deviation  in  the  needle  is 
produced.  But  at  the  same  place  where  the  vessel  turns 
about  a  vertical  axis,  the  terrestrial  couple  will  always  pre- 
serve the  same  direction  in  space,  and  the  couple  of  the 
vessel  turning  with  it,  there  will  result  a  variable  deviation 
susceptible  of  one  maximum  to  the  right  of  the  magnetic 
meridian,  and  of  another  to  the  lefl ;  and  these  maxima 
will  be  such  that  the  mean  of  these  two  positions  of  the 
needle  will  give  its  true  position. 

The  third  cause  is  most  powerful,  and  its  effects,  inces- 
santly variable,  are  most  difficult  to  appreciate  and  correct. 
Let  us,  for  instance,  suppose  that  the  only  action  is  to  cause 
a  deviation  in  the  needle.  Now  it  is  clear  that  every  mag- 
netic body  in  the  vessel  becomes  a  magnet  with  shifting 
poles  ,*  when  the  vessel  turns  to  one  side  or  the  other,  these 
present  themselves  in  a  different  manner  to  the  action  of  the 
earth,  and  experience  different  decompositions.  These  phe- 
nomena, so  complicated  at  the  same  place,  become  much 
more  so  when  the  vessel  passes  to  different  countries  where 
■the  terrestrial  couple  changes  both  in  direction  and  in  in- 
tensity.* 


•  See  Nautical  Magazine,  April,  1837. 
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Section  IV. 

KLECT&O- MAGNETISM — ITS    DISCOTXRY — CHARACTER   OF    THE   FORCES — 

THEORY  OF  CURRENTS MULTIPLIER — MAGNETIZATION — ROTATION  OF 

A  NEEDLE THERMO-ELECTRICITY. 

295.  Prior  to  tlie  great  discovery  of  CErsted,  which 
firmly  established  this  new  branch  of  science,  there  had 
existed  generally  in  the  mind  of  philosophers  a  strong 
conviction  of  the  identity  of  the  electric  and  magnetic 
fluids.  The  ansdogies  between  the  phenomena  of  elec- 
tricity and  magnetism,  as  they  had  been  long  observed^ 
were  so  extensive  and  remarkable^  that  no  one  could  help 
conceiving  the  notion  of  the  agencies  to  which  they  were 
owing  being  connected  by  some  close  and  intimate  rela- 
tion. Several  of  the  phenomena  which  led  to  this  con- 
clusion have  already  been  noticed,  but  till  CErsted's 
discovery,  there  were  many  anomalous  appearances  which 
bid  defiance  to  the  general  theory,  that  the  principles  of 
electricity  and  magnetism  are  merely  modifications  of  each 
other,  and  that  both  may  be  regarded  as  ultimately  identi- 
cal in  their  nature,  and  arising  from  a  single  instead  of  two 
separate  powers.  The  evidence  on  which  this  conclusion 
is  founded  will  be  best  seen  in  the  details  which  will  be 
offered  respecting  the  phenomena. 

296.  Discovery  of  Electro^Magnetism.  —  The  funda- 
mental phenomena  on  which  this  branch  of  physical  science 
must  be  considered  as  resting,  were  observed  by  CErsted  in 
1820.  Guided  by  profound  views  on  the  identity  of  the 
electrical  and  chemical  forces,  this  distinguished  philoso- 
pher succeeded  in  making  electricity  act  as  magnetism  in  a 
sure  and  permanent  manner.  Hitherto  the  results  had  been 
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most  uncertain  and  indefinite.  Some  experimenters  asserted 
that  an  electric  discharge  imparts  a  southern  polarity,  that 
is,  the  properties  of  the  marked  end  of  a  magnetic  needle,  to 
that  part  of  a  steel  har  at  which  it  enters,  and  a  northern 
polarity  to  that  at  which  it  leaves  the  bar ;  others  conceived 
that  they  had  observed  an  invariable.connexion  between  the 
negative  electricity  and  the  southern  polarity ;  while  other 
very  laborious  experiments  seemed  only  more  deeply  to 
embarrass  the  results.  But  the  mode  of  action  having  been 
once  discovered  and  defined  with  precision  by  CBrsted,  the 
fundamental  phenomena  were  reproduced  without  any  dis- 
crepancies. 

The  only  condition  for  the  action  of  the  electric  fluids  on 
a  magnetic  needle  is,  that  they  must  be  in  motion.  If  a 
metallic  conducting  thread  be  traversed  by  the  electric  cur- 
rents of  the  Voltaic  pile,  and  a  magnetic  needle,  delicately 
suspended,  be  brought  near  to  this  conductor,  the  needle 
will  be  disturbed,  and  make  oscillations.  This  was  the  first 
discovery  of  CErsted.  The  existence  of  an  action  so  powerful 
on  a  needle  at  the  distance  of  several  feet^  could  not  fail  to 
create  astonishment. 

The  force  by  which  these  oscillatory  motions  are  pro- 
duced in  the  needle  is  called  the  electro-magnetic  Jhrce.  It 
is  evidently  some  force  very  distinct  from  mere  attraction 
or  repulsion,  and  diminishes  as  the  distance  between  the 
current  and  the  needle  increases;  and  is  exerted  on  all  sides 
and  through  all  interposed  substances*  except  those  which 
are  magnetic.  It  is,  moreover,  an  active  force  exerting  it- 
self not  only  on  the  free  magnetism  of  the  needle,  but  also 
on  combined  magnetism,  so  as  to  effeet  a  decomposition 
whenever  it  can  overcome  the  coercive  force.  If  iron  filings 
are  brought  into  contact  with  the  conductor  traversed  by 
the  electric  fluids,  they  arrange  themselves  round  it»  not 
only  adhering  to  its  surface  as  a  common  magnet,  but  fotm-' 
ing  transverse  layers,  or  species  of  rings,  which  envelop  it. 
The  thickness  of  the  layer  of  filings  depends  on  the  inten- 
sity of  the  pile,  and  when  the  action  of  the  electric  fluid  is 
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checked,  they  instantly  detach  themselves,  and  fall  down. 
Thus  the  electro-magnetic  force  exerts  itself  on  soft  iron, 
and  decomposes  the  natural  magnetism ;  it  also  exerts  itself 
on  steel,  and  has  great  influence  in  overcoming  the  most 
powerful  coercive  forces. 

297.  Definitiotis.  —  Before  proceeding  to  give  any  ac- 
count of  Uie  experiments,  it  may  be  well  to  make  some 
suppositions  which  vnU  serve  to  characterize  the  phenomena 
in  a  convenient  and  precise  manner.  For  this  purpose  we 
shall  suppose  the  carrent  to  possess  a  determinate  direction, 
and  define  its  direction  hy  saying,  that  it  always  goes  from 
the  positive  pole  to  the  negative  pole,  passing  along  the 
conductor  which  joins  the  poles.  Thus,  when  the  communi- 
cations are  established,  and  the  circuit  is  complete,  we  shall 
say,  speaking  of  the  arc  z  a, 
which  touches  the  positive  pole, 
that  the  current  traverses  it 
passing  from  j;  to  a;  similarly, 
Ijhat  a  6  is  traversed  from  atob, 
h  d  from  b  to  d,  and  so  on,  as 
indicated  by  the  arrows ;  and  lastly,  c  z  from  c  to  z  ; 
and  the  circuit  being  complete,  we  shall  always  say  that 
the  current  passes  from  c  to  2;  in  passing  through  the  pile, 
and  from  j;  to  c  in  passing  through  the  conductor.  The 
current,  also,  is  frequently  designated  by  the  form  and  di- 
mensions of  the  conductor  which  it  traverses;  when  it 
passes  by  a  rectilinear  conductor,  it  is  called  a  rectilinear 
current ;  when  by  a  hollow  cylinder,  a  cylindrical  current; 
thus  also  we  shall  speak  of  a  curvilinear,  a  circular,  and  an 
indefinite  current ;  and  when  the  conductor  returns  to  it- 
self, and  forms  a  complete  circuit,  it  is  called  a  closed  cur- 
rent. None  of  these  expressions,  however,  must  be  inter- 
preted literally ;  when  it  is  said  that  there  is  a  current 
along  the  conductor  which  joins  the  two  poles,  it  must  not 
be  understood  that  there  is  a  motion  of  translation  along 
the  conductor ;  that  the  vitreous  or  positive  fluid  travels 
from  the  positive  to  the  negative  pole,  and  that  there  is  a 
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eorresponding  motion  of  the  resinous  or  negative  fluid  in 
the  opposite  direction  ;  for  it  is  probable,  on  the  contrary^ 
according  to  the  present  theoretical  views  entertained  on 
this  subject^  that  a  recomposition  of  the  electricities  takes 
place  about  all  the  ponderable  molecules  of  the  bodies^  and 
in  all  the  spaces  which  separate  them.  Thus  the  current 
is  said  to  have  a  direction  from  the  positive  to  the  negative 
pole ;  it  is  not  meant  that  the  fluids  move  solely  along  the 
axis  of  the  conducting  line  without  experiencing  any  devia- 
tions, lateral  or  oblique^  to  the  axis;  but  that^  in  a  given 
conductor^  since  the  efiects  are  not  the  same  if  one  extremity 
be  made  to  communicate  with  the  positive  pole,  and  the 
other  extremity  with  the  negative  pole,  or  if  this  takes 
place  in  the  contrary  order,  it  is  convenient  to  express  in 
what  order  the  communications  are  established,  by  saying 
that  in  one  case  the  current  is  directed  from  a  to  d,  and  in 
the  other  from  d  to  a, 

298.  Effect  of  the  force.--  The  effect  of  the  electro- 
magnetic  force  on  a  magnetized  needle  at  rest  in  it»  natural 
position,  as  in  the  plane  of  the  laagnetic  meridian,  is  to 
place  it  in  some  cross  position^  the  marked  end  being  turned 
to  the  left.  The  particular  direction  of  the  motion  of  the 
needle  and  of  the  current  will  require  to  be  illustrated  at 
some  length,  but  they  are  all  included  in  one  compendious 
formulary  of  Ampere's,  which  will  enable  us  to  embrace  the 
action  in  every  particular  case. 

Let  the  accompanying  figure 
represent  a  magnetic  needle  situ- 
ated in  the  plane  of  the  magnetic 
meridian,  and  let  a  conductor  be 
placed  horizontally  above  it^  so 
that  a  rectilinear  current  passes  in 
the  direction  indicated  by  the 
arrows  a  a.  The  needle  will 
deviate  from  its  original  position, 
i^  marked  end  being  turned  to- 
wards the  west^  and  after  some  oscillations  it  will  settle  in 
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the  position  indicated  by  a  b^  the  amount  of  deviation  be* 
ing  measured  by  the  arc  m  a.  This  deviation  augments  as 
the  current  is  lowered,  so  as  to  approach  near  the  needle, 
and  diminishes  as  the  conductor  is  raised,  so  that  the  cur- 
rent is  at  a  greater  distance  above  the  needle. 

The  needle  being  in  its  original  position,  if  the  conductor 
be  turned,  so  that  the  current  travels  in  the  opposite  direc- 
tion^ as  indicated  by  the  arrows  b  b,  the  side  of  the  deviation 
is  changed ;  the  needle  is  turned  so  that  its  unmarked  end 
travels  towards  the  west,  and  after  some  oscillations  the 
needle  will  take  the  position  c  d« 

Thus  the  current  above  the  needle  deflects  the  marked 
end  towards  the  west  when  the  course  of  the  current  is 
from  sooth  to  north,  and  towards  the  east  when  its  course 
is  from  north  to  south. 

If  these  eiperiments  be  repeated,  the  conductor  being 
placed  below  the  needle,  suspended  horizontally  in  the 
magnetic  meridian,  the  effects  are  precisely  inverted  ;  that 
is,  the  unmarked  end  is  turned  towards  the  east  when  the 
current  goes  firom  the  south  to  the  north,  and  to  the  west 
when  it  goes  from  the  north  to  the  south. 

The  results  just  stated  will  be  perfectly  intelligible  on 
inspecting  the  two  accompanying  figures,  in  one  of  which 
the  conductor  is  above  the  magnetic  needle,  and  in  the 
other  below  it* 


The  current  being  in  the  direction  of  the  arrows,  the 
needle  h  u  assumes  the  position  h'  u'  in  the  respective 
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figures ;  if  the  conductor  be  reversed,  so  that  the  current 
may  be  considered  as  moving  in  the  opposite  direction,  the 
marked  end  of  the  needle  will,  in  the  first  case,  move  to- 
wards the  west,  and  in  the  second  towards  the  east.  The 
effects  on  the  needle  for  other  positions  of  the  conductor  are 
very  remarkable,  but  on  these  we  cannot  dwell. 

299.    Character  of  the  forces — In  the  preceding  phe- 
nomena the  electro-magnetic  force  is  impeded  by  the  di- 
rective action  which  the  earth  exerts  on  the  needle  ;  and  to 
observe  the  separate  effect  of  this  power,  whose  action  is  so 
energetic  and  singular,  we  must  neutralize  the  terrestrial 
action.     This  may  be  effected  in  several  ways,  either  by 
placing  a  bar  horizontally  in  the  plane  of  the  magnetic 
meridian,  or  by  two  equal  magnets,  with  their  poles  re- 
versed.    These  precautions  being  taken,  the  true  character 
of  the  electro-magnetic  force  is  discovered,  and  it  appears  to 
be  neither  an  attractive  force,  nor  a  repulsive  force,  but  a 
directive  force,   that  is,  a  force  which  always  turns  the 
needle  in  a  direction  perpendicular  to  the  conductor,  without 
attracting  one  pole  in  preference  to  the  other ;  hence  the 
line  joining  these  poles  always  arranges  itself  across  the 
current.     To  form   a  distinct  idea  of  this  direction,  let 
us  conceive  a  hollow  cylinder  of  any  length,  and  a  foot, 
for  example,  in  diameter.^    Along  the  axis  of  this  cylinder 
let  there  pass  a  conductor  traversed  by  the  current  of  elec- 
tricity, and  on  the  upper-side  surface  of  this  cylinder  let  a 
magnetic  needle  move  freely  in  a  horizontal  plane ;  the 
effect  of  the  electro-magnetic  force  is  such  as  to  place  the 
needle  in  the  direction  of  a  tangent  to  the  uppet  point  of 
the  cylinder,  and  of  a  perpendicular  to  the  upper  side ;  or 
in  other  words,  if  a  perpendicular  be  let  fall  from  the  point 
of  suspension  of  the  needle  to  the  conductor,  the  needle 
will  be  at  right  angles  to  the  plane  which  contains  this 
perpendicular  and  the  conductor.     It  is  not,  however,  suf- 
ficient  to  define  the  direction  of  the  current;  we   must 
assign  also  the  position  of  the  ends  of  the  needle,  determin- 
ing on  which  side  the  marked  end  is  situated,  and  on  which 
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the  unmarked  end^  according  to  the  direction  of  the  current. 
This  is  apparently  somewhat  difficulty  but  an  ingenious 
comparison  of  Ampere  has  rendered  it  exceedingly  simple ; 
he  supposes  the  current  to  have  head,  feet^  hands,  and  conse- 
quently a  right  and  a  left  side.  Suppose,  now,  the  observer 
to  conceive  himself  placed  in  the  current  with  his  feet 
towards  the  zinc,  and  his  head  towards  the  copper  end, 
so  Jtbat,  according  to  our  definition,  the  current  will  enter 
by  his  feet,  and  go  out  at  his  head ;  and  that  he  has 
his  face  always  turned  towards  the  middle  of  the  needle  on 
which  the  current  is  to  act ;  then  the  current  will  always 
turn  the  needle  so  that  the  marked  end  will  be  on  the 
observer's  left  hand.  The  motion,  then^  of  the  needle  is 
expressed,  by  saying  it  turns  itself  across  the  current,  its 
marked  end  being  on  the  left. 

300.  Law  of  the  force, — The  intensity  of  the  electro- 
magnetic force,  that  is,  of  the  action  of  the  current,  is 
inversely  as  the  distance.  To  establish  this  law,  a  delicate 
magnetic  needle  is  suspended  by  a  very  fine  thread,  as  the 
silk  of  a  silk-worm,  and  covered  with  a  glass  to  prevent  its 
being  disturbed  by  the  air.  The  action  of  the  earth  is  com- 
pletely neutralized  by  a  bar  suitably  placed,  so  that  the 
needle,  having  no  directive  force,  can  obey  without  any 
resistance  the  new  forces  to  which  it  is  subjected.  A  con- 
ductor^ traversed  by  a  current  of  electricity,  is  arranged  so 
that  it  can  be  placed  at  different  distances  from  the  needle, 
and  the  different  effects  being  observed  for  these  distances, 
the  law  of  the  action  of  the  force  may  be  detected.  The 
needle  will,  according  to  the  law  which  we  have  stated 
(Art.  298),  place  itself  across  the  current,  and  remain  at 
rest ;  but  on  being  moved  from  this  position,  it  will  make 
isochronous  oscillations  during  a  shorter  or  longer  period, 
according  to  the  intensity  of  the  electro-magnetic  force. 
The  quantities  which  can  be  observed  are  the  distance  of  the 
current  from  the  needle,  and  the  number  of  oscillations 
made  in  a  given  time ;  from  these  the  intensity  of  the  force 
IS  to  be  calculated.     It  appears  from  the  results  that  the  in- 
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tensity  of  the  electro-magnetic  Force  is  inversely  as  the  dis- 
tance of  the  current.  But  the  law  thus  discovered  corre- 
sponds only  to  the  particular  case  of  a  current  whose  length 
may  he  considered  as  indefinite^  compared  with  the  length 
of  the  needle  and  the  distance;  the  more  general  law  is  de* 
termined  by  Laplace  to  be  that  of  the  inverse  square  of  the 
distance^  and,  like  the  other  known  laws  of  Physics^  pro- 
portional to  the  sine  of  the  angle  contained  between  the 
direction  of  the  current  and  the  line  drawn  from  the  middle 
of  any  section  to  the  centre  of  the  needle. 

301.  Theory  of  the  Currents, — The  peculiar  character 
of  the  electro-magnetic  force^  or  the  force  emanating  from 
the  conducting  wire,  is  its  directive  property.  It  is  in  this 
respect  different  from  all  other  forces  in  nature  with  which 
we  are  at  present  acquainted ;  there  is  nothing  attractive 
or  repulsive  in  its  nature,  nor  does  it  act  at  all  in  a  direc- 
tion parallel  to  that  of  the  current,  nor  in  any  plane 
passing  through  that  direction;  but  it  is  evidently  exerted 
in  a  plane  perpendicular  to  the  wire>  without^  however, 
any  tendency  to  move  the  poles  either  directly  towards,  or 
directly  from^  the  wire.  But  the  motion  which  it  does 
produce  is  in  a  circular  direction  all  round  the  wire^  that 
is^  the  motion  is  in  the  direction  of  the  tangent  of  a  circle^ 
described  round  the  wire  in  a  plane  perpendicular  to  it 
This  Mr.  Barlow  expresses  by  sayings  that  the  electro- 
magnetic force  exerts  a  tangential  action.  The  nature  of 
this  action  will  be  understood  by 
conceiving  a  current  to  circulate 
about  the  wire^  and  the  action  of 
the  force  as  in  a  plane  at  right 
angles  to  the  wire's  direction  to 
be  such  as  is  represented  by  the 
arrows  in  the  accompanying  figure. 
The  conducting  wire  p  n\s  sup- 
posed vertical^  and  the  current  of 
positive  electricity  to  be  descend- 
The  action  of  the  current  on 
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the  needle  will  then  he  such  as  may  result  from  forces  of 
this  character. 

302.  Equilibrium  of  a  Needle  subject  to  a  rectilinear 
Current, — The  vertical  conductor  heing  placed  in  different 
positions  and  near  to  the  needle^  several  phenomena  occur 
which  give  rise  to  fresh  speculations  respecting  the  natural 
action  of  the  needle  and  currents.  It  was  observed  by 
CErsted  that  the  current  brought  very  near  to  the  needle 
exerted  singular  actions  upon  it^  sometimes  attracting  or 
repelling  it  according  to  its  position,  sometimes  turning  it 
the  wrong  way,  that  is,  turning  the  marked  end  to  the 
right.  This  observation^  followed  out  by  Farraday,  led  to 
his  beautiful  discovery  of  the  rotation  of  magnets^  of  which 
we  shall  speak  hereafter.  But  the  question  now  was  to 
explain  the  cause  of  this  apparent  change  in  the  character 
of  the  actions,  these  alternations,  and^  so  to  speak^  rever- 
sions of  the  electro-magnetic  forces.  It  was  natural  to 
suppose  that  the  current  acted  always  in  the  same  manner 
on  the  same  end^  and  that  the  changes  from  attraction  to 
repulsion^  and  conversely,  might  result  from  some  circum- 
stances which  rendered  the  action  more  powerful  at  one 
end  than  at  the  other.  On  considering  the  separate  action 
of  the  current  on  each  end  of  the  needle,  the  conclusion  is 
arrived  at,  that  the  action  which  subsists  between  an  in- 
definite rectilinear  current  and  the  end  of  a  needle  consists 
of  two  equal  parallel  and  opposite  forces,  which  constitute 
a  couple.  These  forces  are  perpendicular  to  the  current, 
and  to  the  shortest  distance  between  the  current  and  the 
pole  of  the  needle,  and  their  direction  is  such  that  the 
marked  end  is  always  turned  to  the  left«  and  the  unmarked 
end  to  the  right ;  the  intensity  of  the  forces  being  in  the 
inverse  ratio  of  the  distance  of  the  current  from  the  pole 
of  the  needle.  This  principle  is  also  true  when  any  small 
section  of  the  current  is  considered ;  in  this  case  the  couple 
is  perpendicular  to  the  line  which  joins  the  centre  of  the 
section  and  the  pole  of  the  needle,  and  its  intensity  always 
as  the  inverse  square  of  the  distance  is  proportional  to  the 
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sine  of  the  angle  which  the  direction  of  this  line  makes 
with  the  direction  of  the  current. 

In  the  accompanying  figure  let  a  b  represent  a  hori- 
zontal section  of  a  needle^  and  c  of  a  vertical  conductor^ 


traversed  by  an  ascending  current ;  the  total  action  of  this 
current  on  the  marked  end  m  will  constitute  a  couple^ 
that  is,  two  equal  opposite  parallel  forces,  p  p  ;  similarly^ 
the  mutual  action  of  the  current  and  the  end  u  will  con- 
stitute another  couple  q  q.  If  the  current  is  fixed,  and  tbe 
needle  is  moveable,  the  two  forces,  a  p^  b  q,  will  be  the 
only  ones  which  produce  motion  ;  their  relative  intensity, 
their  obliquity^  and  the  length  of  the  arms  at  which  they 
act,  determine  the  side  to  which  the  rotation  takes  place, 
or  the  position  of  equilibrium.  On  these  principles  the 
general  problem  of  the  mutual  action  which  subsists  be- 
tween an  electric  current  and  a  needle  may  be  resolved, 
and  the  various  phenomena  which  will  present  themselves 
for  known  relative  positions  of  the  conductor  and  of  the 
needle  may  be  predicted.* 

303.  J^iectro-Magnetic  Multiplier. — Soon  after  the  dis- 
coveries of  (Ersted,  Schweigger  suggested  a  galvanometer, 
or  multiplier^  which  multiplying  the  electro-magnetic 
force  enables  us  to  detect  the  least  traces  of  electricity  or 


•  For  several  beautiful  illustrations,  see  Dr.  Roget's  EUctro-Mag- 
netism,  Art.  30. 
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Gralvanism  in  motion.  The  multiplier  is  founded  on  the 
principle,  that  a  circular  or  polygonal  current,  or  one  which 
has  any  form  returning  into  itself^  acts  throughout  its 
whole  length  to  turn  a  needle^  which  it  entirely  envelops, 
in  the  same  direction.  Thus  every  part  of 
the  current  which  traverses  the  sides  of  the  ^r 
square  pqr s  n  acts  in  the  same  manner  f 
on  a  needle  moveable  about  an  axis  at  the 


centre  c  of  the  figure^  and  in  a  direction     9 
perpendicular  to  its  plane.     The  side  p  q 
tends  to  turn  the  marked  end  in  front  of  this  figure  and 
the  other  end  behind.     The  side  q  r  produces  precisely  thcr 
same  effect,  as  also  the  sides  r  s  and  s  n.    Thus,  the  needle 
ought  to  turn  itself  with  a  great  energy  perpendicularly  to 
the  plane  of  the  figure,  the  north  end  being  in  front  of  the 
figure.     A  second  circuit  of  the  same  intensity  placed  by 
the  side  of  this  will  produce  the  same  effect,  and  so  on  for 
any  number.    A  conducting  wire,  then,  rolled  up  in  a 
hundred  coils  must,  when  traversed  by  the  same  current, 
produce  an  effect  a  hundred  times  as  great  as  that  of  a 
single  coil,  provided  the  current  is  prevented  from  passing 
laterally  from  one  coil  to  another  during  the  circumvolu- 
tion.    This  is  effected  by  winding  silk  round  the  conduct* 
ing  wire  so  as  entirely  to  cover  the  metaL     The  wire  so 
prepared  may  be  placed  on  a  wooden  frame,   &  portion 
being  left  bare  at  each  extremity  so  as  to  serve  for  the  two 
threads  of  the  multiplier^  by    which  the  current   is  to 
enter* 

304.  Magnetization  hy  Electric  Current. — Since'  a  mag- 
netized needle  places  itself  at  right  angles  to  the  direction 
of  the  current,  we  may  naturally  suppose  that  an  iron  or 
steel  needle  will  be  magnetized  in  proportion  as  its  position 
coincides  more  or  less  nearly  with  this.  In  fact,  a  current 
produces  a  very  small  quantity  of  magnetism  in  needles 
which  are  parallel  to  itself,  but  magnetises   with  great 

•  Electro-Magiietisnif  Art.  115. 
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energy,  and  almost  to  saturation,  tliose  of  whicli  the  direc- 
tion is  across,  that  is,  having  nearly  the  same  position  as 
they  would  themselves  assume  if  previously  magnetised. 
Hence  it  Is  evident  that  in  oifder  to  develop  with  a  giv6n 
current  successive  degrees  of  magnetism,  we  must  make 
the  current  act, not  only  on  the  middle  of  the  needle,  hut 
on  all  the  transverse  sections,  and  at  distances  successively 
less  and  less.  To  effect  this  a  wire  is  wound,  as  a  helix, 
on  a  glass  tuhe,  in  the  interior  of  which  is  placed  a  needle, 
and  a  current  is  passed  from  one  end  of  the  helik  to  tbe 
other ;  the  development  of  magnetism  which  takes  place 
under  these  circumstances  is  instantaneous;  for  after  a 
contact  which  but  just  takes  place,  the' needle  situated  in 
the  tube  perpendicular  to  the  plane  of  the  magnetic  meri- 
dian is  magnetized  as  powerfully  as  after  a  contact  of 
several  minutes.  The  rapidity,  or  rather  the  instantaneous 
manner,  with  which  the  current  overcomes  the  coercive 
force  is  a  very  remarkable  phenomenon. 

There  are  two  kinds  of  helices, 
one  termed  the  right-handed  helix, 
or  the  one  in  which  the  thread  winds 
to  the  right,  as  in  the  common  screw ; 
and  the  left-handed  helix,  in  which 
the  thread  goes  to  the  left.  The 
accompanying  figures  shew  the  two 
kinds  of  helix.  Now,  in  the  right- 
handed  helix  the  unmarked  end  of 
the  needle,  or  that  having  the  pro- 
perty of  pointing  to  the  south,  is 
always  that  at  which  the  current 
enters,  or  at  the  positive  end  of  the ' 
wire;  but  in  the  left-handed  helix,  on 
the  contrary,  the  marked  end  of  the 
needle  is  always  that  which  was  at 
the  positive  wire. 

The  field  which  is  thus  opened  to  research  is  boundless; 
to  detail  even   briefly  the  various   experiments  and  dis- 
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coveries  of  GBrsted,  Ampere,  and  Farraday,  would  alone 
require  a  large  volume,  and  we  can  only  mention  one  very 
striking  experiment.  Soft  iron  does  not,  as  we  have  stated 
{Art.  285),  retain  its  magnetism;  but  its  magnetic  pro- 
perties while  under  the  influence  of  an  electric  current  are 
very  surprising.  A  piece  of  soft  iron,  about  a  foot  long 
and  an  inch  in  diameter,  is  bent  into  the  form  of  a  horse- 
shoe; a  copper  wire  is  twisted  round  the  bar  at  right 
angles  to  its  axis.  On  connecting  the  ends  of  the  wire 
with  a  simple  Voltaic  circle,  even  of  small  size,  the  soft 
iron  instantly  becomes  a  powerful  magnet,  capable  of  sup- 
porting fifty  or  sixty  pounds.  Nearly  a  ton  weight  has 
been  supported  by  a  connexion  with  a  battery  of  five 
square  feet. 

305.  The  rotation  of  a  needle  subject  to  a  current. — The 
remarkable  phenomena  of  the  rotation  of  magnets  were 
suggested  by  Wollaston  and  produced  by  Farraday  at  an 
early  period  of  the  science  of  electro-magnetism ;  they  are 
a  consequence  of  the  principles  which  have  been  already 
laid   down  (Art.  302.)    respecting  the  equilibrium  of  a 
needle.     The  way  in  which  the  rotation  was  first  produced 
by  Farraday  is  as  follows.   Into  the  bottom  of  a  cup  full  of 
mercury,  a  section  of  which  is  shewn  in  the 
figure,  was  introduced  a  copper  wire  cd, 
and  a  cylindrical  magnet  m  u  was  attached 
by  a  thread  to  the  wire,  so  that  the  end  is 
just  projected  above  the  surface  of  the  mer- 
cury.    A  conductor  a  b  was  then  fixed  in 
the  mercury  perpendicularly  over  the  wire. 
The  conducting  wires  being  connected  with 
the  Voltaic  battery,  a  current  is  transmitted 
from  one  wire  through  the  mercury  to  the 
other.     If  the  positive  current  descend,  the  marked  end 
of  the  magnet,  if  uppermost,  will  rotate  round  the  wire  a  b, 
passing  from   east  through   the   south  to   the  west,  in 
conformity  with  the  law  already  stated.     If  the  current. 

2r 
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be  reversed^  the  rotation  will  take  place  in  tke  opposite 
direction;  and  if  the  m^;net  be  reversed  the  south  end 
will  rotate,  but  in  a  direction  exactly  opposite  to  that  in 
which  the  north  end  will  rotate  under  the  same  circuxn- 
stanoes. 

306.  Thermo- Electricity. — One  of  the  most  import^t 
consequences  of  the  discovery  of  electro-magnetism  i$  the 
means  which  it  affords  us  of  detecting  the  presence  of 
electricity   where  it   was  never  suspected;  the   electrical 
currents  which  are  excited  in  metals  simply  by  variations  of 
temperature^  are  a  proof  of  this;  the  existence  of  tb^ 
phenomena^  consequent  on  the  development  of  heat,  or 
thermo-electric  phenomena^  as  they  i|re  termed,  would 
never  have  been  suspected^  much  less  established,  but  f(ff 
the  delicate  test  which  the  magnetic  needle  supplies  of  the 
presence  of  an  electric  current.     Seebeck  discovered  that 
if  a  bar  of  bismuth,  as  a,  have  its  two 
extremities  soldered  in  any  manner  to 
a  piece  of  copper  c  b  d,  this  circuit 
in  its  natural  state  produces  no  effect 
on   the  needle,  but   if  one  part  be 
warmed  it  becomes  instantly  capable 
of  acting  on  a  needle.     These  motions  indicate  the  exis^ 
ence   of  an  electric  current   which  traverses  the  whole 
metallic  circuit,  and  always  in  the  same  direction,  so  loag 
as  the  heated  portion  preserves  its  temperature  above  the 
rest     The  part  at  h  may  be  covered  with  silk  or  stuff,  ao 
that  it  can  be  held  in  the  hand ;  if  then  the  part  c  he 
applied  to  a  candle,  or  warmed  by  the  hand,  the  needle 
will  be  acted  on  as  by  a  current  which  traverses  the 
circuit   in  the  direction  c  adb.     From  the   identity  of 
effects  we  must  infer  an  identity  of  cause,  and  conclude 
that  the  heat  excites  in  the  metals  a  current  of  electricity. 
If  the  part  c  be  allowed  to  cool  and  to  return  to  its  natural 
temperature,  and  the  part  d  be  heated,  we  have  the  same 
result,  but  in  a  different  direction ;  the  current  then  passes 
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in  the  direction  dacb.  The  two  extremities  being  raised 
to  the  skme  temperature,  the  effects  ought  to  counteract 
eack'otlier^  and  experiment  shews  this  to  be  the  case. 

It  is  found  also  that  cooling  one  end  of  the  bar  of 
bismuth,  and  leaving  the  other  at  its  natural  temperature, 
prbdn^^s  the  teme  effects  as  warming  the  other.  Thus  it 
IS  the  tmequsd  temperature  at  the  two  extremities  which 
occa6i(^ns  this  remarkable  phenomenon  of  the  electric  current* 
It  appears  also  that  thermo-electric  effects  may  be  pro- 
duced without  two  different  metals;  a  single  metal  will 
answer^  protrided  there  be  dissimilarities  in  its  texture  and 
constitution.  Rings  of  antimony^  bismuth,  and  zinc,  were 
cast  by  Seebeck^  and  cooled  suddenly  in  soine  parts,  the 
other  parts  being  left  to  cool  gradually.  The  internal 
structure  and  constitution  will  be  differeiit  at  these  por«i- 
tions  of  the  rings.  If  now  heat  be  appli^  to  any  parts  at 
which  the  difference  of  constitution  may  be  concefvred  td' 
be  ^eatest^  the  needle  will  be  acted  upon  as  in  the  preceding 
cas^  of  two  metals.  This  was  also  shewn  by  Becquerel  iar 
the  following  manner ;  he  heated  one  end  of  the  wire  of 
the  electric  multiplier  to  redness,  and  bringing  it  into 
contact  with  the  other  end^  which  was  cold,  the  needle  was 
immediately  afi^cted  as  by  a  current  of  electricity.  See- 
beek  concludes  from  his  experiments  that  the  same  sub* 
stance,  une<pially  heated,  always  exhibits  electrical  currents, 
and  two  pieces  of  moist  clay,  one  of  which  is  hotter  than 
the  other^  appear,  oh  being  brought  into  contact,  to  exhibit 
the  same  phenomena. 
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itTMOtPHEAIC  ELICTRICITY — troHTNlJ«G— EFFECTS — SOUKCES  OF  KLEC- 
TAfClTT  IN  TBS  ATM08PUE&E*— LIOHTNIKO  COMDUCTO&S—' AUKOIU 
BOftJULIS. 

307*  The  phenomena  connected  with  the  ekctricity  of 
the  atmosphere  are  among  the  most  interesting  applications 
whitth  can  be  made  of  the  laws  of  Physics,  both  on  account 
of  the  phenomena  themselves  and  of  the  important  part 
they  bear  in  the  science  of  Meteorology.  We  shall  en- 
deavour to  give  a  brief  outline  of  the  present  state  of  our 
knowledge  respecting  them.  The  discovery  of  the  electrical 
state  of  the  atmosphere  is  due  to  Otto  Gueriche^  the  illus- 
tpous  inventor  of  the  air-pump.  He  and  Dr..  Wall  about 
the  same  period  observed  a  vivid  spark  and  sharp  crack  as 
they  were  exciting  the  electricity  of  a  large  cylinder  of 
amber.  It  is  somewhat  remarkable  that  this>  the  first 
spark  known  to  have  been  produced  by  the  hands  of  man, 
was  instantly  compared  to  the  lightning;  this  crack  and 
this  light*  says  Wall,  appear  to  resemble  in  some  manner 
thunder  and  lightning.  The  analogy  was  very  striking* 
and  such  as  the  imagination  could  not  fail  to  dwell  upon ; 
but  to  demonstrate  the  truth  of  it,  to  ascend  from  phe- 
nomena 80  small  and  insignificant  to  the  causes  and  laws 
of  one  of  the  grandest  phenomena  of  nature,  required  a 
series  of  {nroofs  which  could  only  be  traced  out  by  a 
superior  genius.  Various  resemblances^  more  or  less 
striking,  served  for  some  time  to  exercise  the  ingenuity  of 
philosophers.  Thus^  some  remarked  that  the  spark  was 
crooked,  as  the  lightning;  others  thought  that  lightning 
and  thunder  are  in  the  hands  of  nature  what  electricity  is 
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in  our  hands.  This  idea^  said  the  Abb^  Nollet^  would 
please  me  much  were  it  well  supported^  and  how  many 
specious  reasons  are  there  for  its  support.  Reasonings, 
however^  of  this  nature  can  lead  to  no  satisfactory  con^ 
elusion,  since  actual  experiment  is  the  only  test  on  which 
we  can  with  confidence  rely.  While,  however,  these 
speculations  were  going  on  in  £urope,  Franklin,  a  phi- 
losopher of  the  New  World,  devised  means  of  bringing 
lightning  £rom  heaven  to  decide  for  itself  the  much 
agitated  question.  After  several  discoveries  in  electrieity, 
particularly  with  respect  to  the  Leyden  phial  and  the  in« 
fluepce  of  points,  he  had  the  boldness  of  idea  to  conceive ' 
means  of  fetching  electricity  from  the  bosom  of  the  clouds; 
he  suspected  firom  some  decisive  experiments  that  a  pointed 
bar  of  metal^  raised  to  a  great  height  above  the  top  of 
an  edifice,  ought  to  receive  the  electricity  of  a  stormy 
cloud*  He  waited  with  great  anxiety  for  the  construction 
of  a  steeple  which  they  were  about  to  erect  at  Philadelphia, 
but  wearied  with  waiting  and  impatient  to  perform  an  ex- 
periment which  was  to  remove  all  his  difficulties  and 
resolve  all  his  doubts,  he  had  recourse  to  a  device  which 
was  more  expeditious  and  not  less  certain  in  its  results. 
Since  he  only  wanted  to  convey  a  body  into  the  region  of 
thunder,  that  is,  to  a  sufficient  height  in  the  air^  a  kite 
would  serve  his  purpose  better  than  a  steeple.  He  pre- 
pared a  kite  and  a  cord  of  suitable  lengthy  and  waiting  for 
the  first  storm,  this  great  philosopher,  in  June,  1752,  went 
out  into  the  fields  to  fly  his  kite.  His  son  was  the  only 
person  who  accompanied  him,  for  to  him  alone  had  he 
imparted  the  knowledge  of  his  design,  through  fear  of  the 
ridicule  which  might  attend  an  unsuccessful  attempt. 
The  kite  was  raised,  and  a  key  being  attached  to  the  lower 
end  of  the  hempen  cord,  he  insulated  it  by  fastening  it  to 
a  post  with  a  silken  string,  and  waited  with  intense 
anxiety  for  the  result.  A  dense  cloud  of  a  most  pro- 
mising appearance  passed  without  producing  any  effect ; 

the  apparatus  gave  no  signs  of  electricity ;  other  clouds 
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passed  with  no  better  success,  and  Franklin  was  jiist  be- 
ginning to  despair  when  his  attention  was  arrested  by 
some  of  the  loose  fibres  of  the  hempen  cord  bristling  up 
and  appearing  to  rep^l  each  other ;  a  slight  clap  was  now 
heard ;  encouraged  by  these  appearances  he  applied  bis 
knuckle  to  the  key  and  received  a  vivid  spark.  Thus,  for 
the  first  time,  did  the  genius  of  man  connect  together,  by 
indisputable  evidence*  the  phenomena  of  lightning  and 
electricity.  Overcome  by  the  emotions  consequent  on  the 
consciousness  of  the  immortality  thus  achieved^  he  felt  tbat 
he  could  have  been  content  had  that  moment  been  his  last. 
The  rain  now  fell  in  torrents,  and  wetting  the  string;  ren-> 
dered  it  a  conductor  throughout  its  whole  length,  so  tbat 
electric  sparks  were  collected  in  great  abundanee. 

This  decisive  experiment  of  Franklin,  made  in  June, 
1752,  was  immediately  repeated  in  every  civilized  country, 
and  every  where  with  the  same  success.    About  a  montb 
prior  to  this  date  electrical  indications  had  been  obtained 
by  some  French  philosophers «  in  consequence  of  their  pur- 
suing a  plan  which  Franklin  had  recommended,  and  whicb 
had  been  published  in  France.     In  1752,  De  JElomas,  H 
French  magistrate,  raised  a  kite,  and  having  conceived  the 
happy  idea  of  attaching  a  metal  wire  all  the  length  of  the 
hempen  string,  obtained  electrical  indications  of  a  very 
decided  character  in  fine  weather.     Subsequently,  in  1757, 
the  same  philosopher  repeated  his  experiments  during  a 
storm «   when   he   obtained  sparks   of  a  surprising  sise. 
'  Imagine,'  says  he,  *  lines  of  fire  ten  or  eleven  feet  long 
and  an  inch  in  thickness,  and  attended  with  as  loud  a 
report  as  the  discharge  of  a  pistol.    In  less  than  an  hour 
I  had  most  certainly  thirty  flashes  of  these  dimensions,  not 
to  mention  thousands  of  others  of  seven  or  eight  feet  in 
length  and  under/*     This  admirable  experimentalist,  in 
spite  of  all    the  precautions  which  he  took,   was  once 
knocked  down  by  the  violence  of  the  shock.  The  risk  which 

♦  Savans  Etrangtrs,  tome  iL 
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is  run  in  experiment  of  this  nature  ^as  shewn  hy  a  fatal 
catastrophe  which  occorred  immediately  after  the*  an- 
nouncement ef  Franklin's  discoveryw  ■  In -August,  l-75d> 
Eichman,  while  intent  on  examining  an  electrometer,  was 
Mruck  dead  by  a  large  :globe  of  fire  which  flashed  from 
the '  inlBdlated'  conducting  rod.  A  red  spot  was  found  on 
his  fm^head^here  the  electricity  had  entered,  his  shoe  was 
burst  open,  and  part  of  his  dothes  singed.  -  His  companion 
was  struck  down  and  remained  senseless  for  sbme^time* 
The  d€k)r^frame  of  the  room  was  half  split  through,  and  the. 
do^r  torn  off  and  thrown  into  the  room. 

From  these  experiments  it  is  dear  that  the  thunder-r 
bok  or  fire-ball  is  identical  with  the  electric  spaik.  Oreat 
precautions  must  be  taken  in  using  a  kite  for  these  pur- 
poses, and  an  experimenter  should  never  h(^d  the  string  in 
his  hand,  even  if  the  end  be  silk ;  since  a  humid  atmo* 
)sphere  may  render  this  portion  a  conductor* 

308.  Action  of  Electricity  during  storms, —  If  the 
electrical  state  of  the  clouds  which  pass  successively  over  a 
raised  kite  be  examined,  we  shall  find  that  some  are  charged 
with  positive  or  vitreous,  others  with  negative  or  resinous 
electricity,  while  others  are  in  their  natural  state.  Now, 
although  we  know  nothing  of  the  arrangement  of  electri- 
city in  the  interior  of  the  clouds,  and  at  their  surfaces,  yet 
we  may  conclude  with  certainty,  that  when  they  are 
charged  with  the  same  electricity  they  repel  each  other, 
and  when  with  different  electricities  they  attract  each 
other.  These  attractions  and  repulsions  have  a  considerable 
share  in  the  extraordinary  motions  which  are  observed  in 
the  sky  during  storms;  the  wind  is  not  the  sole  power 
which  influences  the  motion  of  the  clouds ;  its  action  must 
be  modified  by  the  electrical  actions  which  are  going  on 
with  greater  or  less  energy  on  a  vast  mass  of  vapour: 
hence  the  clouds  are  seen  to  approach  or  recede  with  great 
rapidity,  as  if  they  were  impelled  in  opposite  directions,  or 
whirling  about  amongst  each  other,  as  if  the  wind  which 
drove  them  on  was   a  vast  whirlwind.      It  is  from  the 
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vdd'it  of  this  general  distaii)ance  that  the  lightning  is  seen 
to  glare  forth,  and  that  the  daps  of  thunder  are  heard. 
We  must  endeavour  to  give  some  aecount  of  the  fla^h,  and 
of  the  report  hj  which  it  is  succeeded. 

309.  lAghtfdttg, '^^Tbe  lightning  is  frequently  seen 
piercing  the  douds,  and  darting  through  a  great  extent  of 
heaven ;  when  this  phenomenon  is  observed  from  the  top 
of  a  mountain,  a  more  correct  opinion  can  be  formed  of  the 
eitent  of  it,  and  all  observers  agree  in  stating^  that  they 
have  seen  flashes  of  much  more  than  a  mile  in  length.  We 
know  also  that  the  same  clouds  suspended  in  the  same 
regions  of  the  sky  can  give  several  flashes  in  succession ; 
thus  in  returning  to  their  natural  state  they  follow  rerf 
different  laws  to  those  of  dectrified  conducting  bodies. 
Lastly,  every  one  knows  that  the  line  of  the  flash  is  neaily 
always  a  curve,  or  more  properly  a  £ig-2ag.  These  three 
phenomena^  the  form  of  the  flashy  its  sudden  repetition,  and 
its  lengthy  cannot  be  completely  explained  in  the  present 
state  of  our  knowledge. 

The  zig-zag  form  is  common  to  the  lightning  and  the 
electric  spark ;  one  and  the  same  eiplanation  will  apply  to 
both,  but  at  present  there  does  not  appear  to  be  any  thing 
satisfactory  on  the  subject.  The  masses  of  vapour^  which 
constitute  the  clouds,  are  not  conducting  bodies^  like  me- 
tallic masses;  we  know  not  how  the  electridty  is  dis- 
tributed^ and  brings  itself  to  equilibrium  on  imperfect 
conductors  which  have  several  square  miles  of  surface;  but 
it  is  not  probable  that  their  discharge  can  be  effected  com<- 
pletely  by  a  single  and  instantaneous  contact  with  the 
soil,  or  that  a  single  spark  can  restore  them  to  their  natu- 
ral state.  Hence  we  see  a  reason  for  so  many  flashes 
issuing  from  the  same  doud.  The  length  of  the  flash 
appears  to  be  a  consequence  of  the  imperfect  conducting 
powers  of  the  douds^  and  of  the  mobility  of  t^eir  constitu- 
ent parts.  The  dectridty  o£  the  clouds  must  not^  in  this 
respect,  be  closdy  compared  to  the  electridty  of  a  battery^ 
In  this,  when  Uie  two  dissimilar  electridties  Attempt  ip 
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reunite  themsdlYes,  they  can  only  traverse  a. very  smaU 
space;  as»  for  example^  a  battery  charged  to  the  utmost  is 
not  cjischarged  at  a  greater  distance  than  six  or  eight 
inches.  The  reason  of  which  is,  that  i/^hen  the  points  which 
are  to  close  the  circuit  between  the  interior  and  the  ex-' 
terior  of  the  hattezy  are  at  some  little  distance,  the  elec* 
tridties  are  very  feehle^  since  they  are  retained  in  the  in^ 
terior  of  the  jars  by  mutual  attraction  exerted  through  the 
thickness  of  the  glass.  The  electricity  of  the  clouds  must, 
then,  be  compared  to  the  free  electricity  at  the  surface  of 
bodies,  which  are  in  a  greater  or  less  degree  conductors.. 
Our  best  machines  will  give  a  spark  at  a  distance  of  thirty 
or  thirty-six  inches  through  dry  air ;  but  if  some  metallic . 
dust  be  sprinkled  on  a  piece  of  cloth,  the  spark  may  be 
taken  at  a  greater  distance.  If  we  had  at  our  dispo^l^ 
machiiies  sufficiently  powerful,  it  is  evident  that  the  con-*, 
ducting  particles  suspended  in  the  air  might  produce  the 
same  effect  as  the  metallic  particles  in  the  preceding  ex- 
periment. It  seems,  then,  that  the  length  of  the  flash > 
may  be  explained  by  conceiving  that  the  particles  of 
vapour,  and  probably  also  the  particles  of  the  air  on  the 
line  of  the  lightning,  are  already  partially  electrized  by  the 
contrary  influences  of  the  electricity  which  tend  one  to- 
wards the  other;  and  that  at  a  given  instant  the  equilibrium 
is  disturbed,  not  by  a  transfer  of  fluid  from  one  doud  to 
another,  but  by  a  successive  transfer  or  successive  vibration 
from  layer  to  layer  throughout  the  whole  line  which  the 
lightning  traverses. 

The  crash  of  the  thunder,  in  its  greatest  intensity  and 
peal,  presents  no  difficulty  but  that  which  it  has  in  common 
with  the  feeble  crack  of  the  smallest  spark.  They  difler  in 
no  respect  but  in  the  intensity  with  which  the  air  is  set  in 
vibration.  When  the  discharge  of  a  battery  passes  through 
a  liquid  mass,  it  scatters  it  on  all  sides,  and  when  the  dis- 
charge of  a  single  Leyden  phial  passes  through  a  gas,  the 
fluid  is  disturbed  and  set  in  vibration,  and  experiences  an 
augmentation  of  volume.    These  facts  are  perhaps  sufficient 
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to  shew  a  probable  cause  of  the  crack  of  the  electric  l^parli:, 
and  the  peal  of  thunder ;  and  of  these^  two  explaiiations  may 
be  ofier^.     We  may  conceive  that  the  dectnc  fluid  opens 
a  passage  through  the  matter^  as  a  projectile  would  do^  in 
consequence  of  its  impenetrability,  and  that  the  instant  after 
theair^  rushing  into  the  void  formed  by  the  instantaneonspas- 
sage  of  the  fluids  produces  a  sound,  as  in  the  experiment  of 
a  bladder  bursting  over  an  exhausted  receiver.  If  we  follow 
in  imagination  the  course  of  the  lightning,  and  eoncdve  a 
tube  of  glass  exactly  filling  up  every  bend  of  the  chksm 
and  void  of  air,  and  exactly  occupying  the  course  <^  the 
flashy  at  a  given  instant  let  this  tube  be  broken  from  end  to 
end^  the  crash  which  takes  place  is  the  crash  of  thunder. 
This  explanation  is>  however,  liable  to  an  important  objec- 
tion.    Though  the  passage  of  a  bullet  or   cannon-ball 
through  the  air  produces  an  audible  sound,  the  supposition  of 
an  electric  fluid  being  transferred  by  a  motion  of  translation 
in  a  manner  analogous  to  that  of  projectiles  of  ponderable 
matter,  is  contrary  to  the  positive  evidence  of  many  expeii- 
ments*  as  has  already  been  stated.     The  principles  which 
we  have  adapted  in  the  explanation  of  the  passage  of  elec- 
tricity along  good  and  bad  conductors,  will  furnish  another 
and  much  less  objectionable  explanation.     When  the  spark 
quits  a  body  there  is  a  decomposition  and  a  recomposition  of 
eleotricity  among  all  the  parts  of  the  layers  where  it  ap- 
pears^ and  consequently  vibrations  of  greater  or  less  rapidity 
in  their  ponderable  matter ;  there  is  a  sudden  tearing  and 
hasty  separation,  as  may  readily  be  shewn  by  passing  a 
charge  of  electricity  through  a  sheet  of  paper.     It  is  this 
vibration  propagated  through  the  whole  surrounding  mass 
which  produces  the  sound.     Let  us  now  conceive  a  flash  of 
lightning  extending  two  or  three  miles  in  length.     The 
light  glares  at  the  same  instant  throughout  the  whole  ex- 
^nt ;  the  sound,  therefore,  is  generated  at  the  aame  iti- 
stant  in  the  whole  line.    But  sound  travels  slowly  ;  it  H, 
as  we  have  seen,  propagated  only  at  about  1200  feet  per 
second ;  consequently,  an  obierver  whose  distance  from  the 
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neac^t  point  of  the  line  of  lightning  is  1200  feef^  will  not 
hear  uny  sound  for  at  least  a  second ;  the  roar  will  then 
coxaineace;  and. the  $ound>  arriving  continuously  from  the 
points  whidi  are  successively  more  and  more  distant,  will 
CQifttinue  ten  or  fifteen  seconds  if  the  most  distant  point  of 
the,  ^ne  be  two  or  three  miles  distant.  Thus  it  is  the 
length  of  the  line  which  determines  the  duration  of  the 
thunder,  and  tp  an  ear  placed  near  the  middle  of  the  line, 
the  smfir  peal  will  seem  only  of  half  the  duration  which  it 
does  to  a^  ear  at  either  extremity ;  thus  one  person  may 
h^ear  but  one  crash,  another  hears  two,  one  on  the  right  and 
the  other  on  the  left,  or  the  sound  may  reach  his  ear  from 
nmi\y  quarters  at  onoe. 

310.  Mfffects  of  Lightmr^. — ^When  the  lightning  is  seen 
to  leap  forth  and  pass  hetwiatt  a  doud  and  any  body  on  the 
earth,  we  say,  in  ordinary  language,  that  the  body  is  strudc 
by.  lightning.  In  the  language  of  science  this  statement 
does  not  necessarily  convey  the  idea  of  any  destructive 
agency ;  for  the  thunderbolt  does  not  necessarily  destroy 
every  thing  which  it  strikes.  A  discussion  might  be  raised 
on  the  question,  whether  the  thunderbolt  descends  from  the 
sky,  or  ascends  from  the  earth;  so  instantaneous  is  the 
effect,  that  the  eye  cannot  decide ;  but  from  what  has  been 
already  £aid,  it  appears  that  the  lightning  sometimes  passes 
from  the  douds  to  the  earth,  and  sometimes  from  the  earth 
to  the  clouds ;  for  in  neither  case  is  there  any  transfer  of 
electric  fluid  from  one  to  the  other  ^  the  eKtreme  pokits  of 
the  flash  of  lightning.  In  conformity,  however,  to  commmi 
uss^e,  we  shall  say  that  the  lightning  descends  to  the  earth, 
hut  the  sense  in  which  this  term  is  used  must  be  careluUy 
borne  in  mind. 

Suppose,  now,  that  there  is  a  thunder  eloud^  charged  with 
vitreous  electricity  for  example,  at  a  oonsiderable  eleivation; 
above  the  surface  of  the  earth,  as  two  or  three  miks  high> 
of  any  form,  and  of  considerable  extent  and  thicknesB. 
Suppose,  moreover,  that  it  is  suspended  above  the  sea  or  a 
large. la)£.     Its  presence  decomposes  the  natural  electrici- 
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ties  of  the  Uqnidj  repelling  tlie  vitreoos/imcl  iittractitig  the 
resinous ;  making  the  former  recede  into  the  depths  of  Hbe 
soil,  and  the  latter  approach  the  surface  of  t3ie  Water.  The 
accumulation  of  the  fluid  maj  he  sufficient  to  c^rahe  a  sen- 
sihle  rise  in  the  water,  and  we  may  see  a  ciohsidenible 
wave  or  elevation  of  the  water,  which  wiU  fiefnaiff  'sus- 
pended ahove  the  rest  so  long  as  the  electrical  action  con- 
tinues.    This  phenomenon  may,  howevet,  ceasei  iii  any  of 
the  three  following  ways.     First,  if  there-  is  no  explosioh 
iu  the  thunder  cloud,  it  will  recede  with  a  mot^  or  le^ 
rapid  motion  until,  the  intensity  of  its  action  diminiahliig 
as  the  distance  increases,  the  resinous  electricity,  becoming 
less  and  less  attracted,  repasses  by  degrees  into  the  iuteri<!ir 
of  the  earth,  and  the  whole  mass  of  water  returns  to  its 
natural  state.  Secondly,  if  an  explosion  takes  pTace  between 
the  thunder  cloud  and  some  other  point  of  the  earth  at  ft 
distance  fhim  the  surface  of  the  water  which  we  have  jost 
considered,  it  is  evident  that  the  cloud,  deprived  suddenly  of 
its  electric  fluid  by  this  explosion,  will  suddenly  cease  to 
exert  any  action  on  the  surface  of  the  water  which  it  has 
raised,  and  the  liquid,  suddenly  suffered  to  return  to  its 
natural  state,  will  collapse  with  violence,  and  it^  resinous 
electricity  will  become  recombined  with  the  vitreouk,  from 
which  it  had  just  been  separated.     In  this  c^Me' the  water 
is  struck  by  the  back  stroke^  of  which  we  have  already 
spoken  (Art.  264).     It  is  struck  by  lightning  witfcont  imy 
lightning  having  fallen,  that  is,   without  any  explosion 
having  taken  place  between  it  and  the  thunder  doud.' 
Thirdly,  if  the  thunder  cloud  is  near  enough,  of  sufficient 
magnitude,  and  so  highly  charged  with  electricity  that  a 
spark  may  pass  between  some  point  in  its  surface  and  in 
the  surface  of  the  water  electrized  by  influence,  the  water 
is  then  struck  directly,  or,  in  common  language,  a  thunder* 
bolt  or  flre-ball  falls  from  the  clouds  into  the  water.    Suc& 
an  explosion  produces  in  general  more  disturbance  and 
ebullition  in  the  water  than  the  return  or  back  stroke; 
such  an  union  cannot  take  place  between  the  electric  fluids 
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without  t  o^^espQn^ipg.  vio^t  mechanical  miction  among 
th«  p<i|^cl«9^oi^^th^p(](nderable  matter.  Each  of  these  effects, 
whjch  i^  }^9$  takea  us  ao  Ipqg  to  descrihe,  may  he  produced 
in  an  in«^t»  and  an  pstant  is  sufficient  t9  produce  them 
all  sttcoeyaively. 

-From. the  preceding  example,  in  which  we  have  con- 
sidered ^the  eSbft  produced  on  a  moveable  homogeneous 
mass  of  equal,  conducting  power  in  all  its  parts,  we  may 
fonx^  SQQie  f^ncepjtjbn  of  the  effects  of  a  thunder-cloud  sus- 
pendad  oyer  an  extended  plain,  the  soil  of  which  is  com- 
posed of  heterogeneous  elements  of  different  conducting 
powers.     The  natural  electricity  of  the  soil  will  here  too  be 
decomposed  by  influence ;  the  vitreous  fluid  will  be  re- 
pulsed to  the  interior,  and  the  resinous  attracted  towards^ 
and  accumulated  near^  the  surface  of  the  soil.     In  this  in- 
stance, however,  we  must  not  conflne  our  views  to  the  sur^. 
face;  we  must  penetrate  into  the  interior  through  many  of 
the  strata  which  constitute  the  soil ;  we  must  separate  the 
good  and  had  conductors^  distinguish  their  form,  their  ex- 
tent, and  their  arrangement.     All  these  circumstances  will 
bear  an  important  part  in  the  phenomena.     It  is  evident, 
for  example^  that  if  there  is  at  some  feet  below  the  surface 
of-  the  soil  a  metallic  stratum  of  great  extent,  the  action  of 
the  x^Ioud  will  be  very  great,  the  quantity  of  electric  fluid 
accumulated  will  be  much  greater,  and  the  spark  will  be 
given  out  much  sooner ;  the  upper  crust  of  the  soil  will 
then  be  perforated  by  lightning  in  several  places,  as  a  card 
or  square  of  glass  is  perforated  by  a  charge  from  the  Vol- 
taic battery.     This  instance  will  be  sufficient  to  shew  us 
that  the  nature  of  the  soil,  its  state  of  dryness  or  moisture, 
and  the  conducting  power  of  the  various  component  masses^ 
must  be  carefully  considered ;  hence  we  may  learn  what 
are  the  elements  which  determine  the  nature  of  the  action, 
and  of  the  various  extraordinary  effects  which  lightning  is 
known  to  produce.     The  cloud,  for  instance,  may  in  this 
case  exert  no  action  but  that  of  influence — there  may  be 
only  a  hack  stroke,  and  no  fall  of  Are. 

28 
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With  respect  to  the  first  of  the  above-mentioned  phe- 
nomena, it  does  not  appear  that  it  can  ever  produce  anr 
apparent  effect ;  there  are  never  anj  violent  actions  when 
the  electric  fluids  are  slowly  separated  and  slowly  reunited ; 
these  changes  are,  however,  undoubtedly  sensible  to  orga- 
nized beings ;  the  peculiar  sensations  which  are  in  many 
nervous  affections  consequent  on  these  changes  in  the  elec- 
tric equilibrium  of  the  earth  cannot  be  doubted,  whatever 
may  be  the  insuperable  difficulties  of  expLaining  the  way  in 
which  the  effects  are  produced.  This  subject  is,  however, 
at  present  involved  in  the  greatest  obscurity.  With  respect 
to  the  two  other  visible  phenomena,  it  is  important  to  re- 
mark, that  the  back  stroke  is  always  much  less  intense  than 
the  direct  stroke.  There  do  not  appear  any  authenticated 
instances  of  combustion  by  the  back  stroke ;  but  it  is  certain 
that  men  and  animals  have  been  killed  by  it;  but  in 
death  thus  produced  there  are  no  traces  of  burning  or 
fracture. 

The  terrible  effects  of  the  direct  stroke  are  too  well 
known  to  require  any  detailed  account  on  the  present  occa- 
sion. Innumerable  instances  are  on  record  of  the  loss  of 
lives,  of  conflagration,  fracture,  and  disruption.  Large 
masses  of  stone  and  iron  have  been  carried  many  feet; 
rocks  and  mountains  bear  marks  of  fusion  from  the  intense 
heat ;  and  vitreous  tubes  of  many  feet  in  length  have  been 
dug  out  of  the  sandy  plains  of  Silesia  and  Prussia — thus 
marking  the  path  of  the  electric  fluid.  It  is  worthy  of 
remark,  that  these  frequently  terminate  in  small  reservoirs 
of  water  below  the  sand,  and  we  may  conceive  that  it  is 
the  water  which  determined  the  course  of  the  electric 
fluid. 

All  elevated  objects  are  more  liable  to  be  struck  than 
those  which  are  near  the  surface  of  the  soil.  An  eminence 
in  the  midst  of  an  extensive  plain  is  much  nearer  a  passing 
thunder«cloud  than  the  surface  of  the  plain,  and  a  few  feet 
of  elevation  is  sufficient  to  determine  an  explosion.  Hence 
it  is  that  trees  and  animals  are  so  frequently  struck  in  the 
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midst  of  open  fields ;  all  other  circumstances^  however, 
being  the  same,  objects  situated  on  a  soil  which  is  a  bad 
conductor,  are  in  much  less  danger  than  those  which  are  pn 
a  soil  which  is.  a  good  conductor.  Let  us  now>  for  the  sake 
of  illustration,  consider  the  action  of  an  electric  cloud  which 
passes  over  an  elevated  object,  as  a  tree,  a  tall  chimney,  or 
a  steeple.  If  these  objects  were  non-conductors,  their  pre*- 
sence  produces  no  influence ;  the  cloud  would  exert  no 
action  on  them,  but  only  on  the  soil ;  but  since  all  bodies 
are  more  or  less  conductors,  their  natural  electricity  under- 
goes separation,  and  the  amount  of  separation  depends  (m 
the  conducting  power,  the  form,  and  the  nearness,  of  the 
objects.  Trees,  in  consequence  of  their  nature,  and,  above 
all,  in  consequence  of  the  excessive  moisture  of  their  leaves, 
are  in  general  very  good  conductors,  and  their  tops  receive 
a  considerable  accumulation  of  the  electric  fluid.  Hence  it 
is  that  trees  attract  the  lightning,  and  the  tallest  are  struck 
the  first.  In  a  storm,  then,  no  person  ought  to  approach  a 
tree,  or  even  a  bush,  which  stands  in  the  midst  of  a  plain, 
for  if  a  stroke  takes  place,  it  is  the  tree  or  the  bush  which 
will  suffer.  In  a  place  abounding  with  trees  and  bushes 
the  danger  is  not  the  same  ;  the  lightning  will  not  strike 
all  or  any  number  of  trees,  it  will  strike  some  one,  and 
almost  certainly  the  tallest ;  but  still  an  individual  seeking 
shelter  would  be  somewhat  embarrassed  as  to  which  he 
should  choose,  and  his  only  safe  course  is  to  avoid  them  all, 
and  to  lie  down  on  the  ground  in  an  open  place. 

Buildings  are  in  general  composed  of  metid,  stone,  and 
wood ;  now  each  of  these  receive  very  different  actionis 
from  an  electric  cloud,  in  consequence  of  the  difference  of 
their  conducting  powers.  But  we  can  readily  conceive  that 
the  stroke  will  most  probably  take  place  cm  good  conduc- 
tors ;  it  is  of  little  consequence  whether  they  are  uncovered 
-or  completely  surrounded  by  some  substance  which  is  not 
80  good  a  conductor.  The  action  by  influence  is  not  im- 
peded by  any  intervening  obstacle ;  it  takes  place  as  well  on 
a  nail  enclosed  in  a  mass  of  stone  as  on  a  weather-cock 
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exposed  to  a  cloud ;  on  this  principle  we  may  explain  a 
host  oi*  phenomexia  otherwise  inexplicable,  which  are  ob- 
served in  the  explosions  of  lightning.  This  power  seems  to 
act  with  a  degree  of  discernment^  and  to  make  a,  selection 
of  particular  objects ;  it  seems  to  flee  from  or  tp  avoid  some 
object  which  is  in  its  regular  course,  that  it  may  strike  sojote 
other  one  which  is  perliaps  concealed  at  a  distance;,  none 
o£  these  phenomena,  however  marvellous  they  may  appear* 
can  embarrass  an  observer  who  has  paid  attention  to  the 
lawB  of  the  conductibility  of  substance,  and  of  the  electrical 
action  by  influence. 

311.  EffecU  of  discharge* — In  the  preceding  articles  we 
have  endeavoured  to  point  out  the  principal  causes  on  which 
the  explosion  of  a  diarge  of  electric  fluid  in  the  atmosphere 
depends ;  we  shall  make  a  few  remarks  pn  the  mechanical, 
the  physical,  and  the  chemical  effects  of  these  electric  dis- 
charges. The  mechanical  effects  are,  as  has  been  already 
stated,  of  incredible  intensity ;  when  lightnings  strikes  any 
part  of  a  room,  the  furniture  is  generally  displaced^  and 
strewn  in  all  directions ;  a  tree  is  frequently  cleft  down  asd 
broken  in  several  places;  generally,  however^  there  is  a 
regular  channel  of  several  inches  in  depth  and  breadth,  ex- 
tending from  the  top  to  the  roots,  the  bark  .  and  ^mailer 
branches  being  torn  ofi*  and  prelected  to  a  considerable  dis- 
tance. At  the  foot  of  the  tree  there  is  frequently  a  hol^ 
by  which  the  electric  fluid  entered  the  soil. 

The  physical  efiects  are  far  more  analogous  than  the  pre- 
ceding to  those  which  we  can  produce  witl^  our  batteries ; 
they  resolve  themselves  into  a  greater  or  less  elevation  d 
temperature.  When  lightning  falls  on  a  heap  of  stubble  or 
a  stack  of  straw,  on  dry  timber,  or  even  on  green  wood,  it 
either  sets  it  on  fire,  or  carbonizes,  that  is,  chars  the  parts 
which  it  strikes.  Metals,  being  better  conductws,  experi^ 
ence  a  much  greater  elevation  of  temperature,  from  the 
passage  <^  the  electric  fluid ;  sometimes  they  are  melted  or 
volatized.  Thus,  in  a  house  which  has  been  struck  by 
lightning  the  bell- wires  have  been    melted;   hence  care 
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sliotiii  be  taken  not  to  place  good  conductors/ as  metallic 
wires,  in  contact  with  combustible  substant^,  unless  the 
houi^  is  protected  by  lightning  rods. 

The  chemical  efiects  are  Tncompar£ibl)r  more  intense  than 
any  which  we  can  produce  with  the  strongest  batteries; 
The  frequent  strokes  of  lightning  on  the  elevated  summit 
of  a  lofiiy  mountain  ridge  leave  evident  traced  of  fusion. 
•%mssare  observed  them  in  the  schist  on  the  top  of  Mont 
BianCy  Ramond  in  the  micacious  schist  on  the  peak  of  Midi, 
and  Humboldt  saw  at  the  top  of  the  volcanic  mountain  To. 
luca  the  surface  of  the  rock  vitrified  f(^  an  extent  of  several 
square  feet ;  and  there  are  many  other  places  in  which  the 
snr£ace  is  covered  with  a  vitreous  crust. 

The  three  preceding  effects  are  in  general  simultaneous 
in  explosions;  there  is  always  collision  of  parts,  elevation  of 
temperature,  and  a  consequent  chemical  comlmiation,  if  the 
neighbouring  elements  are  of  a  nature  to  unite  and  sepa- 
rate under  these  influences.  When  organized  bodies,  for 
eiample,  are  struck  by  lightning,  the  heat  and  the  mechanic 
cal  violence  are  the  phenomena  which  most  arrest  oUr 
attention.  In  one  instance  of  the  death  of  two  individuals 
by  the  same  stroke  of  lightning  in  the  midst  of  a  field^ 
when  one  was  killed  instantly,  the  other  survived  some 
hours ;  the  clothes  of  both  were  burnt,  and  deep  burnings 
marked  the  course  of  the  fluid,  ami  the  skull  of  one  was 
broken  in  pieces  as  if  by  the  blows  of  a  hammer ;  and 
effects  very  similar  to  these  are  observed  in  all  the  cases  of 
death  from  this  cause. 

The  authentic  records  of  most  surprising  mechanical 
effects,  as  the  disruption  of  massive  buildings,  stone 
steeples,  and  of  the  scattering  the  stones  as  some  light 
substances  before  the  wind,  are  exceedingly  numerous;  we 
shall  select  a  remarkable  one  recorded  by  the  pen  of 
Smeaton*  for  a  few  extracts ;  this  will  shew  distinctly  that 
the  effects  produced  are  such  as  no  other  forces  with  which 

•  PHiL  Trans,  1757.  .  .       - 
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-we  are  acquainted  can  be  conceived  capable  of  ptocfudng. 
^  About  fire  o'clock  in  the  evening,  Jan.  25, 1 757;  returning 
homdfrom  the  Bdystone  works,  I  observed  four  flashes  of 
lightning,  within  the  space  of  six  or  seven  minutes,  towards 
the  west ;  but  heanl  no  noise  of  thunder.    A  few  days  afler 
1  was  informed  that  the  same  evening  the  lightning  had 
shattered  a  dmrch,  thirty  miles  distant^  in  a  very  surprising 
manner^     The  steeple  is  carried  np  square  to  about  49  feet, 
mirmounted  by  a  liuritem,  a  spire,  and  a  vane,  so  that  the 
whole  togethtf  was  about  113  fbet.     I  do  not  affittn  that 
the  lightning  entered  the  spindle  or  vane,  but  will  suppose 
it  for  the  sake  of  methodizing  the  facts.     The  socket  of  the 
tane  was  rent  open,  as  if  burst  by  gunpowder ;  under  the 
spindle  which  carried  the  vane  was  a  bar  about  four  feet 
•  long,  and  one  inch  square,  which  run  through  the  centre  of 
/several  of  the  uppermost  stones,   successirely,  all  which 
'Stones,  except  one,  were  broken  off.    The  shell  Of  the  spire 
as  far  down  as  35  feet  from  the  top  was  no  more  than  7 
inehesthick,  and  the  courses  about  the  same  height ;  joined 
with  roortoise  and  tenon  in  a  curious  manner.     Above  20 
!feet  of  the  upper  part  was  entirely  thrown  down  and  dis- 
persed in  all  directions,  and  some  pieces  were  found  at  the 
distance  of  200  yards.     At  the  top  of  the  lantern  is  a  bell 
for  the  clock  to  strike  on  ;  it  is  hung  upon  a  cross  bar.  The 
cross  bar  was  so  bent  that  the  dock  hammer  would  not 
touch  the  bell  by  above  two  inches.     As  to  the  wire  which 
drew  the  hammer,  as  I  was  informed,  notone  bit  could  be 
found.     The  crutch  that  lays  hold  of  the  pendulum  looked 
as  if  it  had  been  cut  off  by  a  blunt  tool,  and  heated  by  the 
blow  until  it  was  coloured  blue  at  the  place  where  it  was 
cut.     As  to  the  pendulum,  which  hung  pretty  near  the 
wall,  the  upper  port  of  the  rod  was  struck  with  such  vio- 
lence against  the  wall,  that  a  smart  impression  thereof  was 
made  in  the  plaster ;  and  near  the  upper  part  <^  the  im- 
pression appeared  a  circular  shady  ring,  of  a  bladdsh  colour, 
something  like  as  if  a  pistol  had  been  discharged  of  powder, 
and  the  muzzle  held  near  the  walK     The  casing  of  boards 


SKG!C..T>^  ATM08mEBKSe>   BLV6CBICITY.  47^ 

rmnui'^^e  dock  remained  unhurt.'  :  ^At  the.  baflement 
stovjT.  therS^^as  the  appearance  of  a  hola  reachmg  through 
both;  wall  aiid  bsttre^  Which  is  together  8  ^et.  iBesides 
this"  hoLsi  the  wall  was  pierced  in  several  plac^;  at  oiie 
'P?ac&  was  «;  hole  14'inob^  sqiuure,  pierced  6  inches*  in  the 
wall ;  and  MBO  near  square  that  I  inquired  whether  it  had 
not  been  inade  by  art^but  was  asamred  of  the  -contrary/ 
^  Th^  vapour  seems  to  have  divided  itsdf  into  three 
branches^  one  moving  directly  towards  the  east  window, 
consistii^  of  five  lights  divided  by  stone  rauUfons;  two  of 
the  lights  were  in  a  manner  whc^ly  destroyed^  and'-^veral 
large  holes  in  those  remaining;  the  glate  and  le^d  being 
carried  outward,  like  as  if  an  harlequin  had  leaped  through 
the  window.' 

The  following  account  of  some  extraordinary  effects  of 
lightning  given  by  Withering*  is  very  remarkable.  •  A 
thunder-doud  formed  in  the  south,  in  the  afta*noon  of 
Sept.  3,  1789,  and  took  its  course  due  north.  In  its  pB- 
sage  a  field  of  standing  com  was  set  on  fire,  but  the  rain 
presently  es^tinguished  the  fire.  Soon  afterwards'  the 
lightning  struck  an  oak  tree  in  the  Earl  of  Aylesborj^s  park 
at  Paddogton.  The  height  of  this  tree  is  39  feet,dnclttding 
its  trunki  which  is  13  feet.  It  did  not  strike  the  ^highest 
bough,  but  that  which  projected  farthest  southward;  A 
man  who  had  taken  shelter  against  the  north  sidd  of  the 
tree  was  struck  xlead  instantaneously,  his  clothes  set  on 
fire,  and  the  moss  on  the  trunk  of  the  tree  where  the  back 
of  his  head  had  rested  was  likewise  burnt.  TwO;  men, 
spectators  of  the  accident,  ran  immediately  towards  hitai  on 
seeing  him  fall ;  and  as  it  rained  hard  and  a  small  lake  had 
collected  almost  close  to  the  spot,  the  fire  was  very  soon 
extinguished;  but  the  effects  of  the  fire  on  one-haflflof  his 
body  and  on  his  clothes  were  such  as  to  shew  that  the 
whole  burning  was  instantaneous,  not  progressive.  Part 
of  the  electric  matter  passed  down  a  walking-stick  which 

•  PhiL  rmnsr.1790.  .     "    ;  :     .      . 
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the  man  beld  in  his  hand,  sloping  from  him ;  and  where 
the  stick  rested  on  the  ground  it  made  a  perforation  about 
2^  inches  in  diameter  and  5  inches  deep.  All  observation 
would  probably  hare  ended  here  had  ndt  Lord  Aylesbury 
determined  to  erect  a  monument  on  the  spot,  not  merely  to 
oommemorate  the  event,  but  with  an  inscription  to  caution 
the  unwary  of  the  danger  of  sheltering  under  a  tree  during 
a  thunder-storm.  In  dig^ng  the  foundation  for  this 
monument,  the  earth  was  disturbed  at  the  perforation 
before  mentioned,  and  the  soil  appeared  to  be  blackened  to 
the  depth  of  about  10  inches.  At  this  depth  a  root  of  the 
tree  presented  itself  which  was  quite  black;  but  this 
blackness  was  only  superficial,  and  did  not  extend  far  along 
it.  About  two  inches  deeper  some  melted  quartzose  matter 
began  to  appear,  and  continued  in  a  sloping  direction  to 
the  depth  of  18  inches.'  Several  pieces  of  melted  matter 
and  perforated  stone  were  sent  with  this  account  to  the 
Royal  Society. 

312.  Sources  of  atmospheric  electricity, — The  question 
of  the  origin  and  supply  of  the  electricity  which  we  know 
to  exist  at  all  times  in  the  atmosphere,  but  at  some  times 
in  much  greater  abundance  than  at  others,  is  of  the  greatest 
interest  to  the  meteorologist,  and  involved  in  very  great 
difficulties.  This  subject  has  been  recently  investigated 
with  great  ability  by  Pouillet,  and  he  is  of  opinion,  that 
vegetation  and  evaporation  are  the  two  great  sources  of 
atmospheric  electricity.  It  appears  from  his  experiments 
that  gases  always  disengage  electricity  on  combination, 
whether  they  combine  with  each  other,  or  with  solids,  or 
with  liquids:  and  in  these  combinations  oxigen  always 
disengages  positive  electricity,  and  every  combustible, 
whatever  be  its  nature,  n^ative  electricity ;  also,  that 
pure  water,  whether  slowly  or  rapidly  evaporated,  gives 
no  signs  of  electricity;  but  when  the  water  contains 
foreign  ingredients,  as  salts,  so  that  this  change  of  state  is 
accompanied  by  the  separation  of  some  heterogeneous  ele- 
ments with  which  they  are  chemically  combined,  there  is 
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always  a  development  of  electricity  consequent  on  this 
separation  ;  the  heterogeneous  elements  assuming  one  elec- 
tricity, and  the  vapour  the  other.  Now  since,  in  all  the 
evaporations  which  are  going  on  in  naturci  whether  by 
land  or  by  sea>  there  is  this  separation  of  heterogeneous 
elements,  electricity  of  one  kind  or  the  other  must  always 
be  produced.  Thus,  iu  vegetation  and  evi^oiration  we 
may  trace  two  great  sources  of  atmospheric  electricity; 
these  causes  are  in  operation  with  greater  or  less  activity 
in  every  place^  in  every  country,  at  all  seasons,  and  we 
may  reasonably  expect  that  they  act  according  to  some 
invariable,  but  at  present  undetected,  law.  Into  the  details 
of  these  most  interesting  experiments  we  cannot  possibly 
enter  ;*  and  we  regret  to  say  that  other  philosophers  have 
come  to  results  extremely  discordant  with  the  preceding ; 
thus  De  La  Rive  and  Becquerel  cannot  agree  with  Pouillet 
in  regarding  vegetation  as  a  great  source  of  positive  elec- 
tricity. 

Admitting,  however,  for  the  present,  the  preceding  views 
of  the  share  which  evaporation  has  in  producing  atmo- 
spheric electricity,  we  may  at  once  comprehend  the  fact  of 
the  existence  of  clouds  in  different  electric  states.  The 
vapour  which  collects  from  any  one  source,  and  forms  a 
cloud,  having  the  electricity  which  belongs  to  the  circum- 
stances under  which  it  was  formed,  will  communicate  to 
the  cloud  the  character  of  positive  or  negative  electricity. 

313.  Lightning  Rods, — These  rods  consist  of  a  pointed 
iron  bar,  which  is  raised  above  the  object  to  be  protected, 
and  of  a  conductor  from  this  bar  to  the  ground.  The 
requisite  properties  for  a  good  protector  are,  that  the  bar 
should  be  well  pointed,  and  that  the  conductor  should  com- 
municate perfectly  with  the  soil  without  any  interruption 
of  continuity  throughout  its  whole  length.  Suppose  now 
that  an  electric  cloud  comes  near  the  top  of  this  rod ;  its 
natural  electricities  will  be  decomposed,  that  of  the  same 

*   See  Annates  de  Physique  et  de  C/ttm/e,  1827. 
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kind  as  the  cloud  will  be  repelled,  and  diffuse  its^  into 
the  ground^  with  which  the  conductor  ireelj  communieates: 
tlie  electricities  of  the  different  kind  to  that  with  which 
the  cloud  is  charged  will  he  attracted  towards  the  point  of 
the  rod>  and  be  dissipated  in  the  air.  Thus  the  two  oppo- 
site electric  fluids  experience  no  t>bstade  to  their^circulation 
throughout  the  whole  extent  of  the  conductor,  or  to  their 
dissipation^  the  one  into  the  earth,  and  the  other  into  the 
air;  there  will  consequently  be  no  accumulation  on  the 
rod,  and  an  exploeaon  therefore  will  he  impossible.  Whilst 
the  rod  is  thus  traversed  by  the  different  electricities  in 
opposite  directions^  we  may  approach  it  or  grasp  it  with 
the  hand  with  perfect  impunity;  where  there  is  no  tension 
of  electricity  there  is  no  danger.  Not  only  under  the 
drcumstonces  which  we  have  supposed  will  no  lightning 
strike  the  rod,  but  it  will  not  strike  any  object  for  a  certain 
distance  round  about  the  rod  ;  there  is  a  certain  sphere  of 
activity  of  the  rod  within  which  the  lightning  has  no 
power.  But  suppose  that  the  rod  is  not  a  good  one,  that 
the  point  is  blunted,  that  the  conductor  communicates 
impei^ctly  with  the  ground,  or  that  it  has  some  defect 
whereby  its  continuity  is  destroyed ;  in  such  a  case  it  is 
evident  that  an  accumulation  of  electricity  is  not  only  pos^ 
siUe,  but  inevitable;  it  is  then  a  conductor  which  can 
become  charged  with  a  very  great  quantity  of  electricity ; 
and  sparks  may  be  drawn  by  the  hand  which  will  he 
feeble  or  powerful  according  to  drcumstances.  In  all  these 
cases  there  is  danger,  but  its  character  is  differetit  according 
to  circumstances.  If  the  point  is  blunted  and  the  h*ght* 
ning  strikes  it,  the  point  may  be  melted>  and  in  general 
the  electric  fluid  will  follow  the  conductor,  and  do  txo 
mischief  to  the  building.  But  if  the  continuity  be  inocnn- 
plete,  if  the  free  communication  with  the  ground  be  inter- 
rupted, the  lightning  may  still  strike  and  melt  s6me  part 
of  the  rod,  but  it  will  also  be  conveyed  ktetally  to  all  the 
neighbouring  conductors,  and  will  exert  its  destructive 
energy  just  as  if  the  rod  di4not  exist.    But  besides  this, 
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a  -rod  possessing  these  defects  is  extremely  dangerous  even 
wl;ien  the  ligbtmngdoes  not  strike  ib;  for  the  instant  thei^ 
is  sufficient  accumulation  of  electricity  on  the  conductor, 
the  fiuid  has  a  tendency  to  escape^  and  the  sparks  may  be 
most  dangerous  and  destructive ;  as  we  have  already  seen 
in  the  instance  of  the  death  of  Ejchmannr—the  sparky  or 
rather  globe  of  fire  by  which  he  was. killed  was  from  a 
lightning  rod  which  he  had  insulated  for  the  purpose  of 
making  experiments. 

314>  Aurora  Borealis. — The  phemMcaenon  oi  the  Au^ 
rora  Borealis,  or  mnrthern  lights,  is  not  of  very  frequent 
occurrence  in  our  latitudes,  but  in  proportion  aa  we 
advance  towards  the  north  it  becomes  mcnre  frequent,  and 
in  high  latitudes  it  is  so  regular  and  permanent^  that  the 
aurora  may  with  some  propriety  be  called  the  sun  of  the 
polar  regions.  Travellers  who  have  visited  the  itortb  of 
Scotland,  Norway,  Lapland,  and  the  northern  parta  of 
Asia  and  America,  state  that  the  light  of  the  aurora  is 
exceedingly  brilliant,  and  exhibits  many  vivid  colours— that 
the  expanse  of  heaven  to  a  great  distance  seems  to  be  on 
lire.  This  phenomenon  does  not  resemble  lightning  in 
the  rapidity  with  which  it  passes  away,  but  it  lasts  fyt 
several  hours,  and  frequently  throughout  the  whole  night} 
its  brilliancy  is  not  however  constant  and  steady  as  the 
brilliancy  of  the  stars,  but  it  may  be  compared  to  immense 
flames  which  are  lighted  up  suddenly,  expand  themselves 
on  all  sides,  are  partially  extinguished,  and  restored  again 
almost  immediately.  The  inhabitants  of  our  latitudes  have 
no  conception  of  the  brilliancy  of  these  lights  as  they  are 
seen  in  northern  regions,  but  the  auroras  which  we  wit* 
ness  in  these  latitudes  furnish  a  grand  spectacle,  and  one 
which  cannot  fail  to  attract  the  attention  of  every  beholder. 
The  Transactions  of  the  Royal  Society*  contain  -&  faithflil 
record  of  a  very  beautiful  one  seen  in  November,  1835, 
by  Mr.  C.  Christie*     It  may  be  remarked,  that  on  lliose 

*  PhiloBifhical  7nfiuaetrons,  1836. 
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fivenia^  amwliieh  on  aurora  has  appeared  ;diace  has  gene- 
rallj  been « visible  after  aun-set  a>  coufuttd  bright  light 
towards  the  north,  .aecompanied  by  saddeK  jeta  of  bright 
light.  In.coiifonButjr  with  this  general  observation^  Mr.€. 
Christie  remark^  at  9  o'clock  a  bright  lig^t^  exactLj  as  if 
the  moon  were  about  to  rise  in  that  quarter.  Prooaamore 
elevated  position  he  saw  a  perfect  wad  very  bright  arch  to 
the  north ;  the  lower  edge  h&ng  sharply  defined  on  ihe 
dark  doud  beneath,  the  upper  shaded  off  into  the  sky* 
The  sky^  except  beneath  the  lower  arch,  was  perfectly 
cdoudless*  the  stars  shining  brightly  down  to  tta .  upper 
edge*  The  arch  was  motionless*  but  large  bodies  of  faint 
vapoury  light  continually  ascended  from  it,  and  whirled  ia 
every  direction  across  the  zenith^  &c.  as  if  by  the  windt 
and  with  such  rapidity  as  scarcely  to  be  followed  by  tbe 
eye.  These  frequently  rose  perpendicularly,  and  were 
then  sharply  whisked  off  towards  the  south-east.  At  a 
quarter  past  nine  there  was  a  fine  outbreak  of  pencils  from 
the  centre  and  eastern  extremity  of  the  arch;  none  of 
them  stationary  or  in  straight  lines»  but  waving  more  or 
lassy  and  flickering,  as  if  with  the  wind ;  masses  of  vapoury 
light  whirled  up  occasionally;  the  whole  presenting  the 
appearance  of  an  immense  and  not  distant  conflagratioo; 
while  the  paleness  of  the  light  and  the  absence  of  iK>i«e 
gave  it  a  spectral  and  unearthly  character  whidi  was  very 
striking.  The  gusts  of  wind  increased  the  illusion.  ;*At 
9**  25*"  the  western  extremity  suddenly  blaaed.up;  ime 
very  broad  pencil  of  rose-coloured  light  forming  the 
western  boundary  to  the  rest;  through  at  a  Aquil«  shope 
with  great  brilliancy.'  At  half-past  nine  the  arch  was 
entirely  broken  upi  and  then  in  five  minutes  restored,  but 
of  an  irregular  undulating  form;  and  in  this  state  it  eon? 
tinned  with  slight  changes  for  nearly  an  hour:  the  ob- 
server was  unable  to  wait  for  the  total  disappearance  of 
the  phenomenon.  It  is  necessary  to  remark,  that  the  term 
arch  is  applied  to  the  under  surface  of  the  body  of  lights 
which  appeared  to  be  defined  by  or  to  rest  cm  a  dark  cloud. 
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Mr*  C.'ChrisderDiiisrki»  that  the  centveof  thewrdb  wfg  very 
near  magnetio  north,  so  that  the  avoh  would  be  at  right 
angles  to  the  mi^gnetio  meridian:  that  the  body  of  Hght 
was  nearly  cdourlesa,  and  its  brightness  similar  to  that 
seen  on  the  edge  of  a  doud  when  the  moon  Is  about  to 
rise  behind  it;  with^  however,  this  striking  difference^ 
that  the  stars  were  seen  distinctly  through  the  diffused 
light  of  its  upper  surface^  and  those  in  the  tail  of  the  Bear 
shone  dearly  in  the  very  bodj  of  the  light  on  the  right 
hand.  One  very  remarkable  phenomenon  recorded  by  Mr. 
G.  Christie^  is  the  darting  of  pendls  of  light  through  the  dark 
doud.  The  fitat  appearance  of  the  aurora  at  nine  o'dock 
was  that  of  a  dark  convex  cloud  cutting  the  luminous 
arch  and  concealing  a  body  of  light  behind,  the  eye  natu- 
rally referring  the  light  to  a  more  distant  region,  while 
the  sharp  line  of  division  threw  the  clouds  forward.  Sub- 
aequent  appearances,  however,  did  not  seem  to  confirm 
this  notion,  but,  on  the  contrary,  induced  him  to  consider 
whether  the  dark  cloud  might  not  be  a  subsiratum  of  matter 
diff*ering  in  nature  and  density  from  the  superincumbent 
ardi  of  li^t.  Mr.  C.  Christie  having  drawn  sevo^  infer- 
eneea  from  the  appearance  and  state  of  the  arch,  comes  to 
the  following  condusion.  '  All  the  drcumstances  struck 
me  as  so  dosdy  resembling  the  disturbance  of  two  fluids, 
the  one  superposed  on  the  other,  mutually  repulsive,  but 
eimipeUed  to  mingle  by  forces  of  whose  action  the  vividr- 
ness  of  the  pencillings  seemed  to  indicate  the  intensity, 
and  requiring  intervals  of  repose  to  re-eollect  their  scat- 
tered energies,  that  I  cannot  but  condude  the  luminous 
matter  of  an  aurora  to  be  a  superincumbent  stratum,  and 
consequently,  that  its  altitude  is  dependent  on  that  of  the 
dark  mass  beneath.' 

The  reader  who  has  never  witnessed  the  phenomencm 
will  have  an  accurate  conception  of  it  from  the  beautiful 
drawings  accompanying  the  paper  from  which  the  pre- 
ceding has  been  extracted.  Their  accuracy  will  be  borne 
testimony  to  by  every  one  who  has  witnessed  the  pheno- 

2t 
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menon.  Sometimes  two  or  several  luminous  arches  are 
seen  parallel  to  each  other,  and  the  colours  which  accom- 
pany the  streamers  sent  up  towards  the  zenith  are  most 
variegated  and  beautiful.  The  breaking  up  and  restoring 
of  the  arch  is  a  very  curious  fact;  the  luminous  matter 
collects  in  large  masses  at  different  parts  of  the  arch^  and 
then  returns  again  into  its  original  state.  In  the  present 
state  of  our  knowledge  we  seem  only  to  be  assured  of  the 
fact^  that  the  aurora  is  an  electrical  phenomenon ;  on  this 
point  all  are  agreed ;  but  of  the  laws  which  govern  it  we 
are  at  present  exceedingly  ignorant. 


■i  /• 
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THEORY   OF   GRAVITATION — THEORY   OF   HEAT — THEORY   OF   U6HT— - 
THEORY    OF    ELECTRICITY   AND    MAGNETISM CONCLUSION. 

315*  In  the  concluding  chapter  of  this  work  the  stu- 
dent's attention  may  with  advantage  he  directed  to  some 
considerations  of  very  great  value,  and  to  some  features 
especially  in  the  theory  of  the  Physical  Sciences,  which 
ought  not  to  be  wholly  omitted.  The  great  object  in  view 
being  to  ascend  from  particular  facts  to  general  laws>  and 
to  form  theories  from  which  the  phenomena  may  be  repro. 
ducedy  we  may  with  advantage  consider  what  is  the  actual 
state  of  our  knowledge  in  this  respect. 

The  theory  of  gravitation  will  first  claim  our  considera- 
tion; on  the  evidence  of  the  truth  of  this  theory  it  is 
unnecessary  to  add  any  farther  remarks  to  those  which 
have  been  already  made  (Art.  3) ;  we  have  traced  in 
considerable  detail  in  the  chapters  on  Gravity  and  on 
Fluids  the  consequences  which  flow  from  this  law^  and  the 
phenomena  which  are  included  in  it  as  exhibited  at  the 
surface  of  the  earth.  The  truth  of  the  laws  of  gravity  is 
so  wound  up  with  our  belief,  that  we  can  scarcely  conceive 
them  otherwise  than  they  are  believed  to  be.  But  it 
is  a  most  interesting  and  instructive  question,  if  con- 
ducted in  a  proper  spirit,  to  inquire  whether  there  is  any 
necessity  for  the  law  being  such  as  it  is.  That  any  such 
necessity  exists  is  quite  contrary  to  our  general  belief;  we 
are  bound  to  believe  that  the  Great  Author  of  all  things 
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could  have  made  matter  subject  to  any  other  law  had  it  90 
seemed  good;  but  very  strong  reasons  are  to  be  pointfd 
out  why,  for  the  beauty  and  advantage  of  the  system  of 
the  universe,  this  law  seems  immeasurably  superioir  te 
every  other.  Reflections  of  this  nature  would  fumi^  t 
most  proper  conclusion  to  the  preceding  work:  but  <mr 
limits  will  not  admit  of  it,  and  we  could  scarcely  hope  to 
present  any  thing  worth  notice  when  compared  with  tfae 
beautiful  remarks  of  ]\Ir.  Whewell  on  this  subject.* 

The  universality  of  the  law  of  the  inverse  square  is  raoit 
remarkable;  this  particular  law  presents  itself  in  almost 
every  department  of  Physics.  Thus  we  are  led  to  look  for 
some  more  general  principle,  which  may  include  everj 
phenomenon  in  nature.  Some  surprising  generalisations 
to  this  effect  have  within  the  last  year  been  announced 
to  the  world  by  Mosotti. 

It  is  a  most  important  exercise  for  the  student  to  con- 
template the  process  by  which  a  general  law  is  arrived  at. 
A  mass  of  facts  which  previously  appeared  entirely  uncon- 
nected, nay  incoherent,  stand  at  once  in  a  clear  relation  to 
each  other.  This  step,  to  quote  the  words  of  Mr.  Whe- 
well,t  80  much  resembles  the  mode  in  which  one  intelli- 
gent being  understands  and  apprehends  the  conceptions  of 
another,  that  we  cannot  be  surprised  if  those  persons  in 
whose  minds  such  a  step  has  taken  place,  have  been  most 
ready  to  acknowledge  the  existence  and  operation  of  a 
superintending  Intelligence,  whose  ordinances  it  was  their 
employment  to  study — when  they  had  first  read  a  sentence 
of  the  table  of  the  laws  of  the  universe,  they  could  not 
doubt  whether  it  had  a  Legislator. 

On  quitting  the  subject  of  universal  gravitation  we  enter 
on  a  field  of  some  uncertainty,  so  far  as  the  physical  theory 
is  concerned.  The  theories  of  heat,  lights  electricity  and 
magnetism,  are  far  from  settled,  and  we  encounter  much 


Bridg€vxiter  Treatise,  book  ii.  chap.  x. 
\  lb\d)  V^oqVl  \\\.  c^v^.  ^« 
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4at.  rJB  involved  ia  uncertainty,  ..We  c^mno^Jhowe-ve^, 
doubt  but  tliat  here  too  are  general  laws,  though  we  have 
not  yet  jestablished  them;  indeed  much  has  already  bieen 
done  in  the  theory  of  light,  and  some  little  advance  h^s 
boen  ajyade  in  the  theory  of  the  other  imponderable  stents ; 
but  the  Newton  is  yet  to  arise  who  shall  place  thqse 
sdences  on  the  same  rank  as  to  certainty  of  evidence  with 
the  theory  of  universal  gravitation.     We  shall  endeavour 
to  point  out  the  state  of  the  theory  of  these  sciences. 
:    316.  Theory  of  Heat.-^WQ  have  already  (Art.  187J 
hinted  at  the  hypothesis,  that  heat  consists  in  the  vibra- 
tions of  an  imponderable  fluid,  or  ether.     The  phenoinena 
of  conduction  and  radiation,  on  which  we  have  dwelt  at 
considerable  lengthy  are  so  obviously  consistent  with  the 
notion  of  the  flow  or  transmission  of  some  material  par- 
ticles, that  it  is  not  the  least  a  matter  of  surprise  that  the 
hypothesis  of  heat,  consisting  in  the  transfer  of  material  par- 
ticles, should  be  generally  received.     But  the  two  cases  Qif 
the  material  theories  of  heat  and  light  are  remarkably 
analogous.     The  material  theory  did  exceedingly  well  for 
a  long  time ;  but  at  last  some  phenomena  presented  them- 
selves apparently  utterly  inexplicable  on  any  such  hypo- 
thesis.    These  phenomena  are  the  interference  of  rays  pf 
heat,  so  that  cold  is   produced,  and  the  polarization  of 
heat;*  so  that  we  may  say  of  the  theory  of  heat  as  we 
have  already  said  of  the  undulatory  theory  of  light  (Art. 
243) ,  that  a  theory  of  undulations  may  be  false,  but  we 
cannot  conceive  any  theory  of  emission  to  be  true« 

Here  then,  as  in  the  case  of  light,  some  other  hypothesis 
is  forced  upon  us,  and  under  these  circumstances  there  is 
no  difficulty  in  entertaining  the  hypothesis  of  the  vibrations 
of  an  ether;  nay,  of  the  same  ether  by  whose  motion  light 
is  supposed  to  be  produced.  We  cannot  suppose  tbat  the 
diflerent   phenomena  of  light  and  heat  are  produced  by 

*  See  Professor  Forbes   *  On  the  Refraction  and   Polarization  of 
Heat/  Fhilosophical  Magazine^  March  and  NoNcm\i^T,\^'i.N>. 
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fibcatioiis  of  the  bsiiib  kind;  but  we  may.  conceive' tibtt 
lieat  may  be  {tfodoced  by  vibrations  in  one.  phmei:  and 
ligbt  bj.  vibrstioiii  in  another^  or  we  may  eonceive  two 
entirely  diffiarent  kindf  of  vibrationB. 

.  Melloni  is  said  to  have  succeeded  in  separatiBg  tbe 
luminoas  and  calorific  rays  of  light,  by  passing  light  throo^ 
some  tnoiiqnrent  substances  which  absorb  all  the  ealorific 
rays.  The  light  so  transmitted,  being  ooocentrated^  is.  said 
to  be  as  intense  as  the  direct  light,  but  to  produce  bo  efie^ 
on  the  most  delicate  thermometer.  Should  tbo  experi- 
;ments  of  this  distinguished  philosopher  be  oonfirmedj  a 
wide  field  is  at  once  opened  for  our  speculationa* 

Si 7.  Theory  of  LtgAl.— -In  the  theory  of  light  conside- 
rable progress  has  been  made,  and  we  have  already  (Arts. 
/252-^255)  endeavoured  to  set  forth  the  general  piinci- 
"•ples  of  the  undulatory  theory.  To  have  applied  these 
principles  to  the  explanation  of  double  re&action  and  po- 
larisation, to  diffraction,  to  dispersion,  and  to  the  other 
^enomena  of  Physical  Optics,  would  have  on  the  present 
•occasioa  been  impossiUe.  Indeed  the  theoretical  expla- 
nation of  these  phenomena  can  hardly  be  jattetxqited  hi 
ordinary  language,  and  the  student  who  would,  .enter  .fiilly 
into  this  most  delightful  inquiry^  must  hare?  made  con- 
siderable progress  in  mathematical  science.  We: can  only 
bear  testimony  to  the  apparent  sufficiency  of  the  principles 
to  explain  all  the  phenomena,  and  shall  oonelode  this 
aub|ect  in  the  words  of  Mr.  Whewell  :*—  ^     .  . . 

'In  the  undulatory  theory  all  tends  to  unity  and -sim- 
plicity. We  explain  reflexion  and  refraction  by  undula- 
tions; when  We  come  to  thin  plates^  there^isite  <^ifits" 
are  already  involved  in  our  fundamental  hjrpothesis,  for 
du^  are  the  length  of  an  .undulation:  the  plienomena  of 
diffiactioii^  also  require  such  intervals ;  and^  the  intervals 
thus  required  agree  exactly  with  the  others  in  magnitude, 
so  that  no  new  property  is  needed.  Polarization  for  a 
moment  checks  U9,  but  not  long,  for  the.  cUinrction  ^f  our 
vibrations  is  bitbexto  vtbitraxy  \ — we  aDow  polanjeation  to 
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deddeiL.  Haying  done  :this  for  t}i&i::s8ke/'^f  .polarioitiitaiy 
wfi  find.tfaat  it  aka  answers  an/Bnlaaily  diffeivnt  pBrpose, 
that  of  ^ving  the  law  of  double  refiracdoii;:;  Troth 'may 
give  rise '  to  such  a  coincidence  i  fiilsehood-  -cannot.  But 
the  phenomena  became  more  numerous^  moie  various^ 
more  strange  ;  no  matter :  the  theory  is  equal  to  them  all. 
It  makes^not  a  single  new  physical  hypothesis  ;  but  oat  of 
its  caiginal  stock  of  principles  it  educes  the  counterpart  of  all 
that  dbaerration  shews.  It  accounts  far,  explains^  ibim- 
pHfies,  the  most  entangled  cases;  connects  known  laws  aad 

..facts;  predicts  and  discloses  unknown  ones;  becomes  the 
guide  of  its  former  teacher,  observation;  and*  enlightened 

-  by  mechanical  conceptions,  acquires  an  insight  which 
pierces  through  shape  and  colour  to  force  and  caus&''^v...; 

3l8.~Theori/  of  Electricity  and  Magnttism^-^lt  ii0W 
cHily  remains  to  say  a  few  words  on  the  theories  of  >the 
sciences  of  electricity  and  magnetism,  and  of  the.  jVanous 
branches  which  have  arisen  from  a  great  number  of  ktnds^ 
and  analogous  phenomena.  The  great  question- for; «oq- 
sideration  is,  whether  the  phenomena  may  with  ocirtainty 
be  re£erred  to  a  iiuid,  and  next,  whether  to  cme  or.to  two 
fluids.  In  treating  this  subject  we  stated  that  the:  phe- 
nomena were  such  as  might  result  from  suppoaiDg  tutfo 

.fluids  endued  with  the  properties  assigned  to  them;  ;tbe 
reproduction  of  the  i^enomena  from  the  hypothesisyiniia 
manner  sufficiently  simple,  is  the  coincidenoe  on  which  the 
hypothesis  must  be  considered  as  resting.  And  the  h)fpe- 
thesis  id  two  fluids  was  till  recently  generally  considered 
by  most  who  had  examined  the  mathematical- calculatiOi|s 
— the  only  certain  evidence  which  can  be  fumiahed-^tbat 
the  question  of  two  fluids  was*  in  simplicity  of  hypothesi8> 
incomparaUy  superior  to  the  hypothesis  of  oneifluid.  >,  Bttt 
the  researches  of  M.  Mosott],t  published  last  year,  exhibit 

♦  Hiaory  of  the  Inductive  Sciences,  book  viii.  chap,  xlf    ■'    '  ' 
f  Sur  les  Fortes  qui  regiss^nt  la  Constittttiaa'  Interieuve  4m  Gorps. 
.  Turin,  1830. .  .  .     -^    .:   .^-  .   .,  ,\. 
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the  theory  of  one  fluid  under  a  far  more  favourable  aspect 
than  it  previously  possessed. 

The  theory  of  terrestrial  magnetism  is  too  important  to 
be  wholly  omitted.  The  analogies  betwixt  heat  and  mag- 
netism are  in  many  respects  so  remarkable,  that  we  may 
reasonably  inquire  whether  magnetism^  and  that  to  a  con- 
siderable extent,  is  not  excited  by  the  unequal  distribution 
of  heat  amongst  metallic,  and  possibly  amongst  oth?r 
bodies.  *  Is  it  improbable  that  the  diurnal  variation  of  the 
needle,  which  follows  the  course  of  the  sun,  and  therefore 
seems  to  depend  upon  heat,  may  result  from  the  metals  and 
other  substances  which  compose  the  surface  of  the  earth 
being  unequally  heated,  and  consequently  suffering  a 
change  in  their  magnetic  influence?'*  And  Dr.  Traill 
considers  '  that  the  disturbance  of  the  equilibrium  of  the 
temperature  of  our  planet,  by  the  continued  action  of  the 
sun's  rajTS  on  its  intertropical  regions,  and  of  the  polar  ices, 
must  convert  the  earth  into  a  vast  thermo-magnetic  appa« 
ratus,"  and  '  that  the  disturbance  of  the  equilibrium  of 
temperature,  even  in  stony  strata,  may  elicit  some  degree 
of  magnetism.'t  Mr.  Christie  having  conducted  a  series 
of  observations  bearing  on  this  subject  comes  to  the  con- 
clusion, that  one  part  of  the  earth  with  its  atmosphere  being 
more  heated  than  another,  two  magnetic  poles,  or  rather 
electric  currents  producing  eflects  referrible  to  such  poles, 
would  be  formed  on  each  side  of  the  equator,  poles  of  dif- 
ferent names  being  opposed  to  each  other  on  the  contrary 
sides  of  the  equator;  and  that  diflerent  points  in  the  earth's 
equator  becoming  successively  those  of  greatest  heat,  these 
poles  would  be  carried  round  the  axis  of  the  earth,  and 
would  necessarily  cause  a  deviation  in  the  needle.]:  And 
Mr.  Christie  says,  '  Upon  a  review  of  all  the  phenomena 
of  terrestrial  magnetism,  and  considering  the  intimate  rela- 
tion which  has  been  established  between  magnetism  and 

♦  Professor  Cmnming,  Cumb.  Fhil.  Tran,  vol.  ii.  p.  64. 
f  Edin.  PhiU  Tran.  Ift'i^^^.^^l.         \  C\imtve,  Phil.  Tran,  1827. 
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electricity^  by  which  it  appears  that,  if  not  identical,  they 
are  only  different  modifications  of  the  same  principle,  there 
can^  I  think,  be  little  doubt  that  they  are  due  to  electric 
currents  circulating  round  the  earth.  How  these  currents 
are  excited,  whether  by  heat,  by  the  action  of  another  body^ 
or  in  consequence  of  rotation,  we  are  not  at  present  able  to 
determine ;  but  however  excited,  they  must,  though  not 
wholly  dependent  upon  it,  be  greatly  modified  by  the 
physical  constitution  of  the  earth's  surface.** 

Respecting  the  views  of  Ampere  on  the  theory  of 
electro-magnetism,  or  the  splendid  discoveries  of  Farraday 
of  the  development  of  electricity  by  magnetism,  which  has 
led  to  the  establishment  of  a  new  branch  of  science,  termed 
magneto-electricity,  we  can  at  present  say  nothing.  For 
the  profound  views  of  these  most  distinguished  philoso* 
phers,  and  the  startling  phenomena  which  they  have  linked 
together,  we  must  refer  to  other  works,  and  especially  to 
the  papers  by  Farraday  in  the  Transactions  of  the  Royal 
Society  from  1 832  to  the  present  time. 

319.  Concivsion.— The  conclusion  then  which  we  must 
draw  from  a  review  of  the  preceding  is,  that  Heat,  Light, 
Electricity  and  Magnetism,  which  pervade  in  so  mysterious 
a  manner  every  department  of  nature,  have  a  most  intimate 
connexion,  and  must  be  referred  to  one  common  cause ;  and 
we  cannot  say  whether  Gravitation  itself  be  not  an  electrical 
phenomenon  ;  whether  it  be  not  also  the  very  same  agent 
which  arranges  and  binds  together  the  constituent  ele- 
ments of  bodies ;  that  thus  the  whole  universe  of  matter 
is  governed  by  one  pervading  principle,  harmonizing  and 
controlling  every  thing. 

Notwithstanding  all  that  has  been  done  every  one  most 
respond  to  the  sentiments  of  Herschel,  that  *  Science,  in 
relation  to  our  faculties,  still  remains  boundless  and  unex- 
plored ;  and  after  the  lapse  of  a  century  and  a  half  from 
the  era    of   Newton's  discoveries,    during   which  every 
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department  of  it  has  been  cultivated  with  a  zeal  and  energy 
which  have  assuredly  met  their  full  return^  we  remain  in 
the  situation  in  which  he  figured  himself — standing  on  the 
shore  of  a  wide  ocean^  from  whose  beach  we  may  have 
culled  some  of  those  innumerable  beautiful  productions  it 
casts  up  with  lavish  prodigality^  but  whose  acquisition  can 
be  regarded  as  no  diminution  of  the  treasures  which 
remain.**  Nor  can  the  reflection  fail  to  force  itself  upon 
us,  that  this  universe,  disposed  and  upheld  by  the  super- 
intendence of  Infinite  Wisdom,  will  be  an  inexhaustible 
object  for  the  research  and  meditations  of  man ;  that  each 
successive  generation  will  add  its  mite  to  the  store  of  useful 
knowledge,  but  that  in  this  imperfect  state  of  being  it  will 
not  be  given  to  man  to  ^  find  out  the  work  that  God  maketh 
from  the  beginning  to  the  end/ 

•  Herschel,  Study  of  Nat,  Phil.  Art.  391. 
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